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ABSTRACT 
 
Nine halonitromethanes (HNMs) were among the more than fifty unregulated high-
priority disinfection by-products (DBPs) that were monitored for and detected in drinking 
waters in a 2000-2002 nationwide occurrence study fnded by the US Environmental 
Protection Agency (USEPA). The toxicology studies conducted in recent years have 
shown that HNMs are one of the most cytotoxic and genotoxic classes among the 
emerging DBPs, with orders of magnitude higher cytotoxicity and genotoxicity than any 
of the regulated organic DBPs. Furthermore, brominated HNMs were found to be more 
toxic than their chlorinated analogs, with dibromonitromethane being the most cyto- and 
genotoxic. Today, our limited understanding of the HNM formation in drinking water is 
mainly about trichloronitromethane (TCNM or chloropicrin). The formation of other 
eight HNM species has been largely neglected due to the lack of commercial HNM 
standards and analytical methods which just become available in recent years.  
The main objective of this research was to investigate the formation and distribution 
of HNMs in drinking waters. Specifically, the following research objectives were: (1) 
examing the HNM formation potentials under different disinfection/oxidation conditions 
typically used in water treatment, and the relationships between HNM formation potential 
and some water quality parameters commonly measured at water treatment plants, (2) 
examing the roles of pH, bromide and nitrite on the formation and distribution of HNMs 
at typical drinking water treatment conditions, and (3) investigating the formation of 
HNMs from selected nitrogenous organic model compounds (i.e., eight amino acids and 
four amino sugars) at different pH, bromide and nitrite levels.  
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HNM formation potentials in drinking waters were examined under different 
oxidation conditions using samples obtained from various drinking water sources. The 
results showed that ozonation-chlorination produced th  highest HNM yields followed by 
chlorination, ozonation-chloramination, and chloramination. Higher or about the same 
HNM yields were observed in treated waters compared to raw waters, indicating that 
hydrophilic natural organic matter (NOM) components that are not effectively removed 
by conventional treatment processes are likely the main precursors of HNMs. This was 
further confirmed by examining HNM formation potentials of NOM fractions obtained 
with resin fractionation. Hydrophilic NOM fractions (HPI) showed significantly higher 
HNM yields than hydrophobic (HPO) and transphilic (TPH) fractions. Regression 
analyses of HNM formation potentials with various water quality parameters showed the 
best regression was between HNM yields and the ratios of dissolved organic nitrogen to 
dissolved organic carbon concentrations along with specific ultraviolet absorbance at 
254nm (SUVA254) during ozonation-chlorination in the water samples t sted.  
HNM formation and distribution were also examined under various disinfection 
conditions of typical water distribution systems in the United States, and the effects of 
pH, bromide and nitrite on HNM formation and distribution were evaluated. During these 
experiments, HNM formation was also compared with the regulated trihalomethanes 
(THMs). Preozonation prior to chlorination enhanced HNM formation and resulted in the 
formation of various HNMs species. Trihalogenated HNMs (THNMs) were the major 
HNM species formed. Brominated HNM species were observed in the presence of 
bromide. Dihalonitromethanes (DHNMs) were detected in some cases but it was usually 
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below the minimum reporting levels (MRLs). These results demonstrated that if TCNM 
was the only species monitored, the overall formation of HNMs in the samples would be 
underestimated. Treated water collected after conventional treatment showed higher or 
similar reactivity toward HNM formation than the raw water, confirming that the 
conventional treatment did not effectively remove th HNM precursors and hydrophilic 
natural organic matter (NOM) components are the likly precursors of HNMs. Formation 
of THMs sharply contrasted to the HNM formation. THM formation was much higher in 
the raw water and decreased after pre-ozonation. These results indicated that precursors 
and pathways of formation are not the same for HNMs and THMs. HNM formation 
generally increased with pH. During ozonation-chlorination, bromide increased overall 
formation of HNMs and shifted HNM formation to brominated species. The presence of 
nitrite increased HNM formation under both chlorinat on and ozonation-chlorination 
conditions, but did not have any influence on THM formation. HNM formation during 
ozonation-chloramination was about 1 µg/L even at high bromide and nitrite 
concentrations. Monochloramination alone did not form any measurable HNMs. These 
results indicated that the use of chloramine can be an effective way to reduce HNM 
formation at typical drinking water treatment conditions. 
Eight amino acids (glycine, alanine, serine, cysteine, aspartic acid, glutamic acid, 
lysine and histidine) and four amino sugars (glucosamine, galactosamine, N-
acetylglucosamine and N-acetylneuraminic acid) were t sted as model compounds to 
examine HNM formation with formation potential tests under two disinfection scenarios, 
chlorination and ozonation-chlorination. In addition, the effects of bromide, nitrite and 
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pH on HNM formation were also evaluated. Formation and distribution of THMs were 
also analyzed during the experiments and compared with HNMs. HNM formation was 
about minimum reporting level with chlorination at pH 6 and 8 for most of the model 
compounds. Preozonation enhanced the formation of HNMs for all the model compounds 
at pH 8. The most important finding was that glycine and lysine were the two amino 
acids that formed significantly higher amount of HNMs with ozonation-chlorination 
compared to other model compounds. Glycine is one of the amino acids most commonly 
present in the surface waters in North America. In particular, at pH 8, almost fifteen and 
one hundred times more reactivity of glycine than lysine and other tested model 
compounds, respectively, indicated that it could be on  of the major precursors of HNMs 
during ozonation-chlorination. The presence of bromide had a small impact on HNM 
formation during chlorination, whereas with ozonation-chlorination HNM formation was 
increased when bromide was presented. Bromide incorporation was more efficient at 
higher pH values with chlorine or ozone-chlorine. The formation of THMs from most of 
the amino acids and sugars reacted with chlorine or oz ne-chlorine increased in the 
presence of bromide. In the presence of nitrite, higher HNM formation was observed for 
ozonation-chlorination, while no significant impact of nitrite was observed for 
chlorination. There was no pH effect on HNM formation with chlorine for all model 
compounds. However pH effect on HNM formation for the model compounds was 
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The use of chemical disinfection in drinking water reatment started in the early 
1900s for the control of waterborne pathogens. Today, the most commonly used 
disinfectants are chlorine, chlorine dioxide, chloramines and ozone, and they have 
reduced cholera incidences by 90%, typhoid by 80% and amoebic dysentery by 50% in 
the United States (US) (Richardson et al., 2007). Unfortunately, recent large outbreaks of 
water borne illnesses (e.g., E. coli-induced gastroenteritis in Walkerton, Ontario, Canada 
in 2000; cryptosoporidiosis in Milwaukee, Wisconsin, US in 1993, and cholera in Peru in 
1991) reemphasized the importance of proper disinfection during water treatment 
(Richardson, 2003). Chemical disinfectants are effectiv  for killing harmful 
microorganisms in drinking water; however as oxidants, they also oxidize natural organic 
matter, anthropogenic contaminants, and bromide/iodide present in many fresh waters. 
Therefore, although the benefit of water disinfection on microbial water quality is 
realized, there is an undesirable side effect on the c emical water quality due to 
production of various by-products, also known as diinfection by-products (DBPs), 
produced as a result of reactions between the disinfectants and organic or inorganic 
matter in water.  
In 1974, it was discovered that some DBPs are carcinogenic to laboratory animals 
(Rook, 1974; Bellar et al., 1974). This raised serious public concern about the possible 
adverse health effects from exposure to DBPs, and led the US Environmental Protection 
Agency (USEPA) to regulate certain DBPs. Trihalomethanes (THM) (i.e., the sum of 
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chloroform, bromodichloromethane, dibromochloromethane, and bromoform) was the 
first class of DBPs regulated at 100 µg/L in drinking water (USEPA, 1979 ). Later, the 
stage 1 Disinfectants/Disinfection By-products Rule (D/DBPR) lowered the maximum 
contaminant level (MCL) of THMs to 80 µg/L and regulated other DBPs for the first time, 
including five haloacetic acids (HAAs which include mono-, di-, and trichloroacetic acids, 
and mono-, and dibromoacetic acids), bromate and chlorite with MCLs of 60 µg/L, 10 
µg/L and 1.0 mg/L, respectively (USEPA, 1998; Pontius, 1998). Stage 1 regulations are 
based on running annual averages, which represent th  average concentration of all 
samples collected from a distribution system over a period of one year. In 2005, stage 2 
of D/DBPR was promulgated to require water utilities to comply with the MCLs of stage 
1 D/DBPR at each individual monitoring location on a distribution system. The stage 2 
D/DBPR is intended to target the high DBP levels on a distribution system and reduce the 
variability in the exposure of people served at different locations (USEPA, 2006).  
With increasingly stringent regulations for THMs and HAAs, many water utilities 
have started to explore disinfectants other than chlorine (e.g., ozone, chlorine dioxide, 
and chloramines) to meet the new regulations. However, each disinfectant has its own 
DBPs (Richardson, 2003). For example, the use of ozne (followed by chloramines) can 
significantly reduce the formation of THMs and HAAs, but it can lead to the formation of 
bromate in the presence of bromide. Iodinated THMs, which are not part of the four 
regulated THMs, were formed in distribution systems using preformed chloramines or 
chloramines formed in situ with short contact time of chlorination prior to ammonia 
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addition (Krasner et al., 2006). Therefore, it is critical to select proper disinfectant for a 
given water characteristic.  
During the past three decades, a series of DBP surveys were conducted in US water 
utilities to document and examine the occurrence of DBPs. In 1988-1989, a study of 35 
US utilities monitored the occurrence of 19 halogenat d DBPs and two aldehydes. On a 
weight basis, THMs and HAAs were the first and second largest classes of DBPs 
detected, respectively (Krasner et al., 1989). In 1990-1991, ozonation DBPs were studied 
at 10 North American utilities. These studies revealed that aldehydes could be removed 
by biofiltration and the formation of bromate could be minimized at a lower ozonation 
pH (Glaze and Weinberg, 1993; Weinberg et al., 1993; Krasner et al., 1993). Later, in 
1997-1998, 296 US utilities operating a total of 500 plants participated in a DBP survey 
under the Information Collection Rule (ICR), which included the same classes of DBPs 
monitored in the earlier studies (Krasner et al., 1989; Glaze and Weinberg, 1993) 
including 4 regulated THMs, 6 to 9 HAA species (five of them are regulated), 4 
haloacetonitriles, 2 haloketones, trichloronitromethane, trichloroacetaldehyde, cyanogen 
chloride, chlorite, chlorate, bromate, glyoxal, methyl glyoxal, and 11 other aldehydes 
(McGuire et al., 2002). In the ICR, regulated THMs, nine HAAs and trichloracetaldehyde 
represented the first, second and third largest clases of halogenated DBPs formed on a 
weight basis, respectively. It was observed that the median concentration of regulated 
THMs, nine HAAs and trichloroacetaldehyde in finished water was 23 µg/L, 20 µg/L and 
1.7 µg/L, respectively. The data collected under the ICR allowed USEPA to evaluate 
strategies for minimizing DBP formation, determine appropriate treatment levels to 
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protect against pathogens, and estimate how much it would cost utilities nationwide to 
implement various regulatory options (McGuire et al., 2002).  
Although a significant amount of research effort has been directed toward improving 
our understanding of DBP formation and control, and more than 600 DBPs have been 
reported in drinking water over the last 30 years, today only 11 DBPs (4 trihalomethanes 
(THMs), 5 haloacetic acids (HAAs), bromate and chlorite) are currently regulated in 
drinking water. The regulated DBPs constitute about 30-60% of the overall DBPs formed 
in water depending on the type of disinfectant used (Krasner et al., 2006). The DBPs that 
have been quantified in drinking water are generally present at low- to mid- µg/L (ppb) 
level. More than 50% of the total organic halide (TOX) formed during chlorination and 
more than 50% of the assimilable organic carbon (AOC) formed during ozonation have 
not been identified (Stevens et al., 1989). AOC consists of low molecular weight 
dissolved organic carbon that can be readily utilized for bacterial growth. 
A review of the currently available epidemiological and toxicological data indicate 
that the regulated DBPs do not produce urinary bladder cancer that is most consistently 
associated with chlorinated water, and their potency is too low to account for other 
associations (e.g., types of cancer, reproductive and development effects) (Bull, 2003). 
Therefore, it is still not well-established which specific DBPs pose the greatest risk to 
public health. According to an in-depth mechanism-based structural activity relationship 
analysis of more than 500 DBPs, and also supplemented by an extensive literature review 
of genotoxicity data, approximately 50 unregulated DBPs were selected and monitored in 
drinking waters across the US from 2000 to 2002 in a recent nationwide occurrence study 
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funded by the USEPA (Weinberg et al., 2002). These 50 unregulated DBPs were 
identified to cause the highest potential human healt  risks (i.e. high priority DBPs). 
These high priority DBPs included halonitromethanes (HNMs), iodo-trihalomethanes (I-
THMs), haloacetonitriles, haloketones, haloamines and nalogs of halofuranones (3-
chloro-4-(dichloromethyl)-5-hydroxyl-2(5H)-furanone (MX)). Just as there are nine 
haloacetic acid species, there are nine halonitromethan s (monochloro- (CNM), 
monobromo- (BNM), dichloro- (DCNM), bromochloro- (BCNM), dibromo- (DBNM), 
trichloro- (TCNM), bromodichloro- (BDCNM), dibromochloro- (DBCNM), and 
tribromonitromethane (TBNM)) that may form during water disinfection (Figure 1.1). In 
the 2000-2002 USEPA DBP occurrence study, mono-, di-, and trihalogenated HNMs, 
including mixed chlorinated and brominated species, were identified in the distribution 
systems, with CNM, DCNM, BCNM, TCNM, BDCNM, and DBCNM being the most 
prevalent species. Although HNM concentrations have be n detected at several times 
lower levels than those of the regulated HAAs, a recently published toxicity study 
revealed that HNMs were 1.3-82.6 times more toxic to mammalian cells than HAAs for a 
given concentration (Plewa et al., 2004). Therefore, from a toxicological perspective, the 
adverse effects of HNMs can be more severe than the regulated HAA even at low levels 
in finished drinking waters. Furthermore, it was reported that brominated HNMs were 
found to be more toxic than their chlorinated analogs, with DBNM being the most cyto- 
and genotoxic (Plewa et al., 2004). 
To date, our current understanding of HNM formation s very limited because the 
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Figure 1.1 Molecular structures of halonitromethane compounds. The X in the molecular 





the mid 2000’s. The presence of TCNM in drinking water was first reported in the 1980s 
(Hoigné and Bader, 1988). The formation of other HNMs was largely neglected due to 
the lack of chemical standards and analytical methods (Krasner et al., 2001). However, 
our understanding of formation patterns for other regulated DBPs suggest that there may 
be formation of diverse HNM species and that focusing strictly on TCNM would likely 
underestimate the overall formation of HNMs in drinking waters. For example, 
dihalogenated haloacetic acids (DXAA) and trihalogenat d haloacetic acids (TXAA) 
have different formation pathways and precursors (Hong, 2006). While formation of 
DXAA is observed during chloramination, TXAA formation is almost completely 
suppressed. On the other hand, formation of DXAAs remains independent of pH during 
chlorination at the typical pH range of water treatment, whereas formation of TXAA 
decreases with increasing pH. As the formation of TXAA does not account for the overall 
formation of total HAAs in water, the TCNM alone does not likely address the overall 
formation of HNMs. Today, there is no information in the literature about the precursors 
of HNMs in water sources and their fate during typical water treatment processes. In 
addition, HNM formation and distribution from the impacts of pH which is an important 
operational parameter in water treatment, and bromide that is found in several water 
sources for water supply in the US are rarely studied. Understanding the formation of 
HNM species under typical drinking water treatment conditions, especially in the 
presence of bromide, has important implications, because recent research indicates a 
significant difference in the potential health effects of individual HNM species. 
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The main objective of this research was to investigate the formation and distribution 
of HNMs during drinking water treatment. Specifically, (i) the formation potential of 
HNMs under different disinfection conditions, and the relationships between HNM 
formation potential and some water quality parameters commonly measured at water 
treatment plants, (ii) the roles of pH, bromide and nitrite on the formation and distribution 
of HNMs at typical drinking water treatment conditions were investigated, and (iii) the 




The objective of this chapter is to summarize our crrent understanding of HNM 
formation and distribution from the research results reported in the literature.  HNM 
toxicology studies, the occurrence of HNMs in drinking waters, the factors controlling 
HNM formation during water treatment, formation of HNM during wastewater treatment, 
and the fate of HNM in water distribution systems will be reviewed. At the end of the 
chapter, a brief summary of important findings from literature will be presented. 
 
HNM Toxicology Studies 
Despite the paucity of human health effect data about HNMs, available animal 
toxicity studies suggest that they are far more toxic than the regulated DBPs and their 
potential health risk can also be much greater. Forexample, among thirty seven 
compounds identified as bladder carcinogen in humans and/or experimental animals by 
the International Agency of Research on Cancer, twenty four compounds contain 
nitrogen in their structure (Wilbourn et al., 1999). Although the concentrations of HNMs 
have been detected several times smaller than thoseof corresponding HAAs in the 2000-
2002 nationwide occurrence study (Weinberg et al., 2002), a recently published cell 
toxicity study revealed that HNMs are a factor of 1.3-82.6 times more toxic to 
mammalian cells than HAAs for a given concentration (Plewa et al., 2004). Meanwhile, 
the toxicology studies on emerging DBPs conducted in recent years showed that HNMs 
are one of the most cytotoxic and genotoxic classes among the emerging DBPs, and they 
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have orders of magnitude higher toxicity (i.e., cytotoxicity and genotoxicity) than the 
regulated THMs and HAAs (Figure 2.1) (Plewa et al.,2008). Cytotoxicity refers to 
destruction of cell, while genotoxicity is related to the damage of DNA. Plewa and 
colleagues developed and calibrated two in vitro cellular toxicological assays based on 
Chinese hamster ovary (CHO) cells. The CHO cell microplate chronic cytotoxicity assay 
measured the reduction in cell density as a functio of the DBP concentration over a 72 h 
period. Single cell gel electrophoresis (SCGE) was used as the genotoxicity assay. SCGE 
is a molecular genetic assay that quantitatively measures the level of genomic DNA 
damage induced in individual nuclei of treated cells. 
Furthermore, brominated HNMs were found to be more t xic than their chlorinated 
analogues, with dibromonitromethane being the most cyto and genotoxic (Plewa et al., 
2004). For example, mono-, di-, and tribrominated nitromethanes were 16×, 16×, and 
1.3× more genotoxic than the mono-, di-, and trichlorinated nitromethanes, respectively. 
It appeared that the multi-brominated halonitromethanes were the most toxic. For both 
the bromo- and chloronitromethanes, the order of cytotoxicity was in the order of DBNM 
> DBCNM > BNM > TBNM > BDCNM > BCNM > DCNM > CNM > TCNM. With 
respect to genotoxicity, the brominated nitromethanes and the mixed 
bromochloronitromethanes were more genotoxic than te chlorinated nitromethanes. The 
order of genotoxicity was reported as DBNM > BDCNM > TBNM > TCNM > BNM > 
DBCNM > BCNM > DCNM > CNM (Plewa et al., 2004). The igh degree of cyto- and 
genotoxicity of HNMs was attributed to the greater int insic reactivity conferred by the 
nitro group. Therefore, from a toxicological perspective, the adverse effects of HNMs can 
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be more severe than the regulated HAAs even they ar present at lower levels in the 
finished drinking waters. 
Two cancer studies have been carried out on TCNM in rats and mice (Richardson et 
al., 2007). For rats, the applied doses were 20 or 25 mg/kg day; for mice they were 33 or 
66 mg/kg day. These doses were not excessively high compared to those required for 
some DBPs to be carcinogenic. However, these studies were inadequate because of the 
short survival time of the treated rats, and the results were inconclusive for 









Figure 2.1 Cytotoxicity and genotoxicity indices for emerging and regulated DBPs (CHO 
= Chinese hamster ovary) (Plewa et al., 2008). 
 
The Occurrence of HNMs in Drinking Waters 
As indicated before, there are nine HNM compounds (Figure 1.1). The presence of 
HNMs in drinking water was first reported in the 1980s when chloropicrin 
(trichloronitromethane (TCNM)) at concentrations 2 to 6 µg/L was identified in ozone 
treated water (Hoigné and Bader, 1988). The formation of other HNMs was largely 
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neglected due to the lack of chemical standards and analytical methods, which became 
available in the 2000s (Krasner et al., 2001).   
Bromine substituted trihalogenated HNMs (THNMs) were fi st identified in bench-
scale chlorination studies with mass spectrometric identification (Thibaud et al., 1988). 
TBNM (bromopicrin) was later detected in pilot-plant studies after ozone treatment 
(Krasner et al., 1991). In limited studies in the late 1980s and in the 1990s, other HNM 
species (including brominated HNMs and mono- or dihalogenated HNMs) were 
identified by gas chromatography (GC)/mass spectrometry (MS) in waters treated with 
ozone-chlorine and chlorine alone (Richardson et al., 1999; Plewa et al., 2004). In the 
ICR in the late 1990s, utilities only looked for TCNM, and TCNM concentration was 
typically higher in surface waters than in ground waters. All nine HNM compounds were 
measured at full-scale plants in the USEPA nationwide DBP occurrence study (Weinberg 
et al., 2002; Krasner et al., 2006). Bromide concentrations of these full-scale plants 
ranged from 120 µg/L to 400 µg/L. Nitrite concentrations were not reported (Weinberg et 
al., 2002). The occurrence of TCNM (90th percentile = 0.7 µg/L) in that study was 
similar to that of the surface water plants in the ICR (90th percentile = 1.0 µg/L). On a 
median or 75th percentile basis, the formation of the other HNMs was low (75th 
percentiles of DHNMs and THNMs were 0.4 and 2 µg/L, respectively). However, the 
90th percentile and maximum occurrence levels were more appreciable (maximums of 
DHNMs and THNMs were <4 and 8 µg/L, respectively) (Mitch et al., 2008).  
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Formation of HNMs during Water Treatment 
Previous studies conducted under laboratory controlled conditions, mostly for 
TCNM, indicated that several factors were involved in HNM formation. These include 
types of disinfectants, types of organic precursors, and concentrations of nitrite and 
bromide. In this section, the results from these studies will be summarized. 
The Effect of Disinfectants 
Ozonation 
The application of ozone in drinking-water treatment is widespread throughout the 
world (von Gunten, 2003a). Similar to other disinfectants for water treatment (e.g., 
chlorine and chloramines), ozone undergoes reactions with some components in water. 
The specific feature of ozone is its decomposition into hydroxyl radicals (·OH) which are 
strong oxidants in water (Staehelin and Hoigné, 1985; von Gunten, 2003 a). Therefore, 
undesired by-products can be formed from the reactions of ozone and ·OH with water 
matrix components, which include numerous organic and some inorganic species 
(Miltner et al., 1992; Richardson et al., 1999ab). Because ozonation is usually followed 
by biological filtration, partly oxidized organic compounds can be mineralized 
microbiologically (von Gunten, 2003a). The only ozonation byproduct regulated in 
drinking waters today is bromate, which is formed during ozonation of bromide-
containing waters. Bromate is not degradable in the biofiltration process in contrast to 
organic oxidation/disinfection by-products (von Gunten, 2003a) 
The vast majority of the ozone DBPs identified contai s oxygen in their structures. 
The most common oxidized organic compounds include carboxylic acids (e.g., glycolic 
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acid, glyoxylic acid, acetic acid), and aldehydes (.g., formaldehyde, acetaldehyde, 
propaldehyde) (Huang et al., 2005). When chlorine or chloramine is applied as a 
secondary disinfectant, halogenated DBPs are also ob erved. In comparing byproducts 
formed by secondary treatment of chlorine or chloramine, chloramine appears to form the 
same types of halogenated DBPs as chlorine, but they are generally fewer in number and 
lower in concentration. Most of the halogenated DBPs that are formed by ozone-chlorine 
and ozone-chloramine treatments are also observed in samples treated with chlorine or 
chloramine only (Richardson et al., 1999b). Previous study reported that 
dichloroacetaldehyde and 1,1-dichloropropanone were fo med at higher levels in the 
samples treated with ozone-chlorine and ozone-chloramine, indicating the importance of  
the combination of ozone and chlorine or chloramine in their formation (Richardson et al., 
1999b). 
The impact of ozone on HNM formation has been realiz d in earlier research 
conducted in European countries, where occurrence of TCNM (chloropicrin) in drinking 
water generated a public health concern (Hoigné and Bader, 1988; Merlet et al., 1985). 
For example, Hoigné and Bader (1988) reported that TCNM formation increased to 2-6 
µg/L when a lake water (dissolved organic carbon [DOC] = 1.5-4 mg/L) was pre-
ozonated before chlorination. It was observed that t e formation of TCNM was about 3-5 
times higher than with chlorination only (Hoigné and Bader, 1988). The exact role of 
ozone in enhancing the formation of HNMs has not been fully elucidated. Merlet and 
colleagues (1985) postulated two mechanisms for chloropicrin formation via ozonation 
followed by chlorination: 1)  oxidation of amine groups in organic molecules to nitro 
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groups by ozone, 2) nitration of organic molecules by nitrogen oxides (NxOy) formed 
during ozonation of air in the ozone generator. They also indicated that chlorination of 
the nitrated organic compounds (R-NO2) or amino compounds (R-NH2) would yield 









Figure 2.2 The proposed pathways of chloropicrin formation in the presence of 
ozonation (Merlet et al., 1985). 
 
A similar impact of ozonation on HNM formation was lso reported in the previous 
study that higher levels of HNMs formed after treatment with ozone-chlorine and ozone-
chloramine (Bull, 2003; Plewa et al., 2004; Merlet et al., 1985; Duguet et al., 1985). 
Recently, von Gunten (2003) suggested that the formation of possible precursors (e.g., 
formation of phenolic compounds from the oxidation f aromatic compounds by OH 
radicals, formation of methyl ketones from the oxidat on of olefins with ozone) by partial 
oxidation of organic molecules by ozone resulted in the increment of some disinfection 
byproducts, such as TCNM (von Gunten, 2003b). However, none of these hypotheses 
have been experimentally verified, and formation pathw ys of HNMs in the presence of 













The effect of pre-ozonation on HNM formation was alo sometimes observed at 
plants, as described in the USEPA 2000-2002 occurrence study (Weinberg et al., 2002; 
Krasner et al., 2006). Figure 2.3 shows a comparison of HNM formation in two drinking 
water treatment facilities that use the same source water but different disinfection 
schemes. The important finding is that ozone treatmn  (plant 5) resulted in a greater 
formation and more numerous species of HNMs as compared to the treatment (plant 6) 
involving other disinfectants (i.e., chlorine dioxide, chlorine and chloramines).  
 
Figure 2.3 Formation of HNMs under different disinfection schemes. Plant 5 treated with 
ozonation/chlorination; plant 6 treated with chlorine dioxide/chlorine/chloramine 
(Weinberg et al., 2002). 
 
Chlorine, Chloramines and Chlorine Dioxide 
Among HNMs, TCNM as a chlorination by-product was reported in 1980s (Merlet et 
al., 1985; Duguet et al., 1985; Thibaud et al., 1987, 1988; Hoigné and Bader, 1988). 
TCNM was observed in a range of 0.4 to 2 µg/L from the drinking water with 
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chlorination (Hoigné and Bader, 1988). During that period, the studies were focused on 
TCNM formation from two aspects. First aspect was investigation of TCNM precursors. 
It was found that TCNM yields were different from some nitrogen containing organic 
compounds (e.g., nitrophenols, humic acid and dichloroacetonitrile) during chlorination 
(Merlet et al., 1985; Duguet et al., 1985). The details about TCNM formation from 
chlorination of organic compounds were discussed in HNM precursor section.  
The other aspect was nitrite and bromide impact on TCNM formation from 
chlorination of phenolic compounds and nitrophenols, re pectively (Thibaud et al., 1987, 
1988). It was observed that the presence of nitrite resulted in higher TCNM formation, 
which indicated that nitrite might play an important part in TCNM formation (Thibaud et 
al., 1987). The presence of bromide resulted in the reduction of TCNM while some 
brominated HNMs (BDCNM, DBCNM and TBNM) were observd for the first time 
(Thibaud et al., 1988). The details about the effects of nitrite and bromide on HNM 
formation will be discussed in a later section.  
In late 1990s and early 2000s, some HNM species, such as DBNM, TBNM and 
TCNM were observed in the drinking water treated with chlorine or chloramines. The 
HNM species formed were identified with GC/MS and quantified using lab synthesized 
standards (Richardson et al., 1999a; Choi and Richardason, 2004). The concentration of 
DBNM was increased 10 times in the bromide-enriched water (Richardson et al., 1999a). 
All these species were also found in drinking water tr ated with ozone-chlorine or ozone-
chloramine but at much higher levels, indicating ozone plays an important role in HNM 
formation.  
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Recently, TCNM formation potential was investigated from NOM fractions during 
chlorination and chloramination (Lee et al., 2007; Yang et al., 2008). It was reported that 
TCNM yields averaged 2 nmol/mg of DOC, and the percentages of nitrogen converted 
from DOM into TCNM was <0.01-0.2% during chlorination or chloramination (Lee et al., 
2007). TCNM formation during chloramination from a model solution containing 
Suwannee River NOM was also investigated with various conditions including the 
monochloramination time, monochloramine doses, monochloramine application modes, 
pH, temperature and bromide concentration. The concentrations of TCNM were always 
low (around detection limits) under all conditions (Yang et al., 2007).    
Thibaud and colleagues also analyzed chlorine dioxie as pre-oxidant of phenol in the 
presence of nitrites, and its role in the formation of TCNM during post-chlorination. The 
results indicated that TCNM produced during post-chlorination varied with the ratio of 
chlorine dioxide to phenol. TCNM concentration was maximum when the ratio of 
chlorine dioxide to phenol reached 2.5 mol/mol, where 90-100% of phenol was oxidized, 
and then decreased with higher ratios (Thibaud et al., 1987).   
Ultraviolet Disinfection 
The effect of ultraviolet (UV) disinfection on TCNM formation after secondary 
chlorination has been investigated (Kashinkunti et al., 2006). Low and medium pressure 
UV lamps were applied at doses ranging from 40 to 140 mW*s/cm2, and the samples 
were then chlorinated to form DBPs. No increase in TCNM formation was observed for 
the low-pressure lamps, whereas an increase in TCNM formation was observed from the 
medium-pressure lamps at 140 mJ/cm2. Karanfil and co-workers investigated the effect of 
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UV disinfection at WWTPs on HNM precursors. Formation potential tests conducted 
before and after UV disinfection with low-pressure lamps did not change the HNM 
formation potential (HNM FP) of the WWTP effluents with different subsequent oxidants 
(i.e., chlorine and chloramines) (Karanfil et al., 2009; Addison, 2008).  
HNM Precursors 
To date, the type of HNM precursors is not clearly identified in natural waters. For 
example, the dissolved organic carbon concentrations (DOC) and the characteristics of 
DOC (e.g., hydrophobic/hydrophilic nature of organic matter of high SUVA254 vs. low 
SUVA254) have been linked to some extent to the formation and distribution of regulated 
THMs and HAAs, whereas formation of emerging nitrosamines in water is related to the 
concentrations and composition of dissolved organic nitrogen (DON) in water. However, 
so far HNM precursors in natural waters are not distinctly known. Studies conducted with 
model organic compounds have shown that HNMs can form from some specific 
compounds. For example, Merlet et al. (1985) investigated chloropicrin formation from a 
humic acid and nitro-containing compounds (nitromethane, nitrophenols, and 
nitrobenzene), and found that chloropicrin yield was v ried with the type of compounds 
chlorinated (Merlet et al., 1985). Specifically, meta-nitrophenol and nitromethane were 
the most reactive compounds to give the highest yields of chloropicrin. Interestingly, 
ortho- and para-nitrophenol produced significantly lower amounts of chloropicrin. In the 
case of humic acid, chlorination of 20 mg/L TOC soluti n produced 1.45 µg 
chloropicrin/mg TOC, which appeared to be comparable to the levels observed in recent 
nationwide occurrence study (Weinberg et al., 2002). In contrast, an aquatic humic acid 
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did not form chloropicrin after chlorination, as reported in a recent investigation (Choi 
and Richardson, 2004). Chloropicrin formation from the specific compounds was also 
observed in the investigation by Thibaud and colleagues (1987), who tested other 
phenolic compounds (phenol, hydroquinone, catechol, ortho-nitrophenol) and humic 
substances. Their results indicated that, among all the model compounds, only ortho-
nitrophenol and humic substances produced chloropicrin after chlorination. However, 
when nitrite was added to the solution, chloropicrin was produced from all the model 
compounds, with its formation being proportional to nitrite concentration. Nitrite has 
been found to play a significant role in the formation of HNM. The effect of nitrite is 
discussed in detail in the following section.  
In addition to the aromatic model compounds, other nitrogenous compounds such as 
ethylenediamine tetraacetic acid (EDTA), nitriloaceti  acid (NTA), and triethanolamine 
(TEA) were also tested for their role as a chloropicrin precursor (Hoigné and Bader, 
1988). EDTA and TEA are likely to be found in the wastewater effluents since they have 
been widely used for industrial and household purposes. More than one million pounds of 
EDTA and TEA are produced annually in the US (Scorea d, 2005). One interesting 
finding in the study of Hoigné et al. (1988) was that only TEA had an impact on 
chloropicrin formation after treatment with ozonation-chlorination (Hoigné and Bader, 
1988). This fact suggests there are certain ozone reactive moieties in organic molecules 
that lead to formation of chloropicrin.  
 In a recent study, Lee and colleagues (2007) report d that DON can serve as a 
precursor material for N-DBPs. Although no correlation was found between TCNM 
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yields and DOC/DON ratios of hydrophobic and hydrophilic natural organic matter 
(NOM) fractions during chlorination and chloramination formation potential tests, it 
indicated that hydrophobic and hydrophilic fractions i  water make some contribution to 
the HNMs formation (Lee et al., 2007). The same result that TCNM formation did not 
follow any trend in relation to DON/DOC values of the organic matter fractions during 
chloramination at pH 10 was observed from a recent study. The fractions included 
hyprophobic acid and neutral, transphilic acid and neutral, and hydrophilic fractions 
(Yang et al., 2008).  
The Effect of Nitrite and Bromide 
Nitrite, along with ozone, has been found to play a m jor role in the formation of 
HNMs. For example, Duguet and colleagues (1985) observed approximately 10 times 
increase in chloropicrin formation from chlorination of humic acid in the presence of 
nitrite (Duguet et al., 1985). Nitrite was hypothesiz d as a potent nitrating agent that 
converts organic molecules to nitro containing precu sors of HNMs (Thibaud et al., 
1987). Recently, Choi and Richardson (2004) used radio l beled nitrite (15NO2
-) to reveal 
that nitrite was the source of the nitro group in HNMs (dibromo-, tribromo-
nitromethanes) produced from ozone-chlorine treatmen  of humic acid solution (Choi and 
Richardson, 2004). In an earlier study, Thibaud andcolleagues (1987) showed nitration 
of phenol by measuring nitrophenolic intermediates formed during the oxidation of 
phenol by different disinfectants in nitrite solutions. Nitrate, on the other hand, was found 
to have minimal effect in chloropicrin formation (Duguet et al., 1985). In natural waters, 
distribution and relative concentrations of inorganic itrogen (ammonia, nitrite, and 
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nitrate) depend on various processes occurring in the environmental systems. Although 
nitrite is the most unstable inorganic nitrogen species, it can still accumulate at 
appreciable levels (about 2 mg-N/L) in the regions where biological nitrification is active 
or in the regions where oxygen is deficient (Pehivanoglu, 2004).  
Nitrite levels in water also vary with seasonal changes. Nitrite tends to build up in 
cold seasons when the activity of nitrite oxidizer ( .g. Nitrobacter) becomes significantly 
reduced. Figure 2.4 shows an example of variations n the concentrations of inorganic 
nitrogen species along a river downstream of a wastewater treatment plant (WWTP) in 
Arizona (Krasner et al., 2008). In recent years, large portions of the treated wastewater 
are contributing more toward the drinking water supplies through reclamation, recycling, 
and reuse processes due to current population growth and rapid urbanization, along with 
unfavorable climatic changes (e.g., drought) (Krasner et al., 2008). As seen in the figure, 
the higher level of nitrite in the WWTP effluent was observed in the cold season. Along 
the river, nitrite is present in greater amounts in the regions close to WWTP although it is 
converted to nitrate as it traveled downstream. Such an appreciable presence of nitrite in 
the wastewater effluents may have significant implication in terms of HNM formation in 
the WWTP effluents. Although WWTPs can decrease the concentration of organic 
carbons quite efficiently, high concentrations of organic nitrogen can be present in the 
effluents (Pehivanoglu, 2004). As mentioned earlier, different types of organic (e.g., 
nitrogenous) compounds can serve as precursors of HNM. The combination of high 
organic nitrogen and nitrite can create a favorable condition to form HNM in wastewater 






















Figure 2.4 Variations in the concentrations of inorganic nitrogen species along the Santa 
Cruz River downstream of a wastewater treatment plant (WWTP) in Arizona (upper: 
June 2004; lower: February 2005). Error bars represent the standard deviation for 























































































potential in South Plate River increased from 0.6-1.3 µg/L to 3-11 µg/L as a result of a 
wastewater treatment plant discharge. They also observed chloropicrin formation 
potentials reaching 8-20 µg/L downstream of a wastewater treatment plant in Sa ta Cruz 
River treated with chlorine and chloramines (Krasner et al., 2008). The peak of TCNM 
formation potential was at the site with highest amount of nitrite. This observation 
suggested that a potential role for nitrite in chloropicrin formation.  
Bromide is another factor that plays an important role in the formation of HNMs. 
Brominated HNMs was reported to be more toxic to mam alian cells than their 
chlorinated analogs (Plewa et al., 2004). Results of he 2000-2002 nationwide occurrence 
study indicated that brominated species including BCNM, BDCNM and DBCNM were 
the most prevalent forms observed (Weinberg et al., 2002). The study also showed that 
bromine incorporation of HNMs was increased by preozonation, and bromine 
incorporation was greater for HNMs than for THMs. In addition, when water with 
elevated bromide levels (1 ppm) was treated with ozone-chorine or ozone-chloramines, a 
shift to more brominated HNM species was observed (Richardson et al., 1999a). 
Interestingly, there are a few studies in the literatu e regarding the impact of pH on 
the HNM formation and distribution. In the early work done by Merlet and colleagues, 
they found that TCNM formation increased with pH from nitromethane (Merlet et al., 
1985). Recently, it was found that TCNM formation increased with pH in a study of 
chlorination and chloramination of primary amines (Joo and Mitch, 2007). 
Finally, there is only one report in the literature r garding the potential role of 
biofiltration on HNM formation and control. Using formation potential (FP) tests, 
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Krasner and colleagues (2007) observed that ozonation caused an increase in HNM 
precursors (e.g., at one plant, TCNM formation potential (TCNM FP) increased from 0.6 
to 2.3 µg/L and DHNM formation potential (DHNM FP) increased from 1.7 to 6.9 µg/L). 
The formation potential testing of the biofiltered water in selected samples showed a 
decrease in the concentrations of some, but not all, HNMs. The median and maximum 
reduction in TCNM FP in the filtered waters was 48 and 75%, respectively. These data 
suggested that ozonation contributed HNM precursors, whereas the filters (some of which 
were biologically active) removed some of the precusors. Therefore, it is evident that 
more work is needed to elucidate the potential roleof biofiltration on HNM formation 
and control. 
 
Formation of HNM during Wastewater Treatment 
In recent years, wastewater reclamation has been gainin  more attention to meet the 
increasing water demand. When a wastewater treatment pla t (WWTP) discharges 
upstream from a drinking water treatment plant (DWTP), the source water of the DWTP 
is impacted by the effluent, which is known as unpla ned indirect potable reuse (Mitch et 
al., 2008; Krasner et al., 2008; Krasner et al., 2009). One major concern about WWTP 
effluent discharge is the introduction of DBPs and DBP precursors to the receiving 
waters. Because WWTP effluents contain relatively higher concentrations of nitrogenous 
compounds (e.g., organic nitrogen and ammonia), which may serve as precursors for 
various nitrogenous DBPs, there is a greater possibility of public health risk when a 
DWTP treats a wastewater-impacted source water.  
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A recent study by Krasner et al. (Krasner et al., 2008) showed that WWTP effluents 
contain significant amounts of DON that could be a source of precursors for nitrogenous 
DBPs such as haloacetonitriles (HANs) and N-nitrosodimethylamine (NDMA). Their 
study also showed the presence of HNMs and their precursors in various WWTP 
effluents and downstream of WWTPs. The occurrence of chl ropicrin and dihalogenated 
HNMs at the participating WWTPs were from below thedetection limits (ND) to 0.7 
µg/L and ND to 0.5 µg/L, respectively. The researchers reported that the reduction of 
TCNM precursors through nitrification at WWTPs was relatively small as compared to 
other DBPs (e.g., HANs and haloacetaldehydes) (Krasner et al., 2008). In their study, the 
wastewater effluents were also treated with the drinking water processes, such as 
coagulation, softening, and activated carbon adsorption to remove the effluent organic 
matter (EFOM).  The results showed that activated carbon removed chloropicrin 
precursors more effectively than alum coagulation or lime softening following 
precipitation (Krasner et al., 2008).   
HNM formation potential tests from wastewater effluents were also conducted by 
Karanfil and co-workers (Karanfil et al., 2009; Addison, 2008; Song et al., 2009). The 
results demonstrated that WWTP effluents contained some reactive HNM precursors, 
possibly the by-products of biological treatment processes and/or some compounds of 
industry or household origin. HNM FPs measured in wastewater effluents were 
significantly higher than the HNM FPs in the drinkig water in the service area of the 
WWTPs.  It was observed that HNM concentrations in the effluents of selected WWTPs 
were generally below 0.7 µg/L, except for one chlorine-utilizing WWTP that had 
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continuous TCNM concentrations in the range of 0.9-1.5 µg/L. HNM formation 
potentials of nitrified and non-nitrified WWTPs were not statistically different. UV 
disinfection using low pressure lamps in municipal WWTPs did not make a significant 
change in HNM formation potentials (Song et al., 2009). 
 
The Fate of HNMs in Water Distribution Systems 
In water distribution systems, the oxidizing agents, such as oxygen and chlorine, lead 
to the formation of corrosion products on unlined iron or steel pipe surfaces (Valentine et 
al., 1999; Lin et al., 2001; Sarin et al., 2001, 2003, 2004). Corrosion products are a 
mixture of ferrous and ferric iron minerals including goethite, magnetite, siderite and 
green rust, and other minor constituents including NOM and trace metals (Valentine et al., 
1999; Lin et al., 2001; Sarin et al., 2001; Tuovinen et al., 1980). It was reported that 
corrosion products interacted with drinking water disinfectants (Valentine et al., 1999; 
Tuovinen et al., 1980; Tuovinen et al., 1984) and DBPs (Arnold et al., 2006). Valentine et 
al. found that reactions of free chlorine and chloramines with the organic matter in 
corrosion products led to chloroform formation (Valentine et al., 1999). Recently, 
degradation of chlorinated DBPs, specifically, trichloroacetic acid (TCAA) and TCNM, 
by corrosion products from cast iron pipes has been r ported (Arnold et al., 2006).  
It was found that TCNM was degraded by Fe2+/synthetic goethite and Fe2+/synthetic 
magnetite at anoxic conditions (Chun et al., 2005). DCNM and CNM were the 
intermediates in TCNM degradation. The final product is nitromethane (NM), which can 
be further degraded to methylamine (MA), at a much slower rate than TCNM, DCNM 
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and CNM in the Fe2+/goethite and Fe2+/magnetite systems. However, no degradation of 
TCNM was observed over 150 hr in the presence of goethite without Fe2+ (Chun et al., 
2005). The degradation of TCNM, DCNM and CNM by Fe0 under anoxic conditions also 
has been investigated. All three of these chlorinated HNMs were degraded rapidly to MA 
as the final product. The rate constants normalized with geometric surface area decreased 
with decreasing halogenation: TCNM > DCNM> CNM. The d gradation of TCNM and 
DCNM proceeded via the parallel reaction pathways of hydrogenolysis and α-
elimination, for example, about 60% via hydrogenolysis and 40% via α-elimination for 
TCNM (Pearson et al., 2005).  
The effect of dissolved oxygen (DO) on the degradation of TCNM by Fe0 was studied 
(Lee et al., 2007). Since oxygen is an oxidant, it may compete with halogenated DBPs for 
the electrons from reductants. It was observed thatTCNM degradation rate in the 
presence of DO (8 mg/L) by Fe0 was comparable to that under anaerobic condition 
indicating that DO effect on TCNM degradation was minor. Another study was 
conducted for Fe2+ coexisted with iron minerals under aerobic conditions ([DO] = 5 and 8 
mg/L), which mimicked real water distribution system. It demonstrated that the pseudo-
first order degradation rate constants of TCNM were decreased by 60-90% in the 
presence of DO. Therefore, the presence of DO slowed th  reduction of TCNM by Fe2+ 
coexisted with iron minerals (Lee et al., 2008). It can be concluded that chlorinated 
halonitromethanes will be degraded by Fe0 or Fe2+ coexisted with iron minerals. Fe2+ 
coexisted with iron minerals will be a more effective reductant than Fe0. Additionally, 
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higher levels of oxygen will be a competitor for the acceptance of electrons from Fe2+ 
coexisted with iron minerals, which will slow down the degradation rate of TCNM.  
Recently, another study investigated the stability of TCNM in the presence of 
disinfectants (i.e., chlorine and chloramines) in deionized water (Joo and Mitch, 2007). It 
revealed that in the presence of free chlorine or mnochloramine, TCNM degraded with a 
~3 day half-life at pH 9, which was the same as that in the absence of disinfectants, while 
it was stable at pH 5.  
All the findings described above are mainly about TCNM, with some are related to 
DCNM and CNM. No other reports are found about the fat of other HNM species in 
water distribution systems. In addition, the stability of HNMs in real distribution systems 
which contain dissolved oxygen and disinfectants hanot been documented. Recently, 
Krasner et al. reported that halonitromethanes including dichloro-, trichloro-, 
bromochloro-, bromo-, and dibromonitromethane underwent hydrolysis in an organic-
free water system. The pseudo first-order reaction rate constants for bromo-, dichloro-, 
and trichloronitromethane were on the order of 0.1 to 0.3 hr-1. They also noted that for the 
dihalogenated nitromethanes, increasing bromine substit tion resulted in more compound 
instability, which was due in part to photolysis (Krasner et al., 2008). 
 
Summary of Important Findings from Literature 
In this section, the important conclusions from thestudies reviewed in this chapter 
will be summarized. It should be evident that there a  a number of research needs for 
these newly emerging high priority DBPs.  
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 HNMs, identified as one class of high priority DBPs by the USEPA, have been 
found in finished waters during recent occurrence studies.  
 Toxicity studies available to date suggest that HNMs are far more toxic and their 
health risk can be much greater than the regulated DBPs even though HNMs are 
present at much lower concentrations in finished waters. 
 The majority of research on HNMs in the literature has been performed for 
chloropicrin (TCNM) since commercial HNM standards have not been available 
for other species until mid 2000’s. 
 Preozonation increased the formation of HNMs in drinking waters. The possible 
role of ozone was hypothesized as: 1) oxidation of amine groups in organic 
molecules to nitro groups by ozone, and 2) nitration of organic molecules by 
nitrogen oxides (NxOy) formed during ozonation of air in the ozone generators.  
However, none of these hypotheses has been experimentally verified.  Formation 
pathways of HNMs in the presence of ozone still remain unclear. 
 The nature and characteristics of HNM organic precursors in natural waters is 
unknown. Therefore, it is difficult to predict whetr HNMs will form in a 
particular water system. 
 Nitrite plays a role in the formation of HNMs, especially with ozonation, although 
it will be oxidized to some extent in water. It is a potent nitrating agent that 
converts organic molecules to nitro-containing precu sors of HNMs. It has been 
also shown that nitrite may accumulate under poor nitrification conditions in 
natural waters and wastewater effluents. 
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 Bromide shifts the HNM formation to brominated species, which is considered to 
pose a greater health hazard. However, the impact of bromide on HNM formation 
and distribution at typical water treatment conditions has not been well 
documented. 
 The effect of pH on HNM formation and distribution is not known. 
 WWTP effluents contained some reactive HNM precursors, possibly the by-
products of biological treatment processes and/or some compounds of industry or 
household origin. 
 Chlorinated halonitromethanes (CNM, DCNM and TCNM) will be degraded by 
Fe0 or Fe2+ coexisted with iron minerals in the simulated water distribution system 
at anoxic or low DO conditions without disinfectant. The presence of DO slowed 
the reduction of TCNM by Fe2+ coexisted with iron minerals, but no effect on 
TCNM reduction by Fe0 in the presence of DO. In the presence of chlorine or 
monochloramine, TCNM in deionized water degraded with a ~3 day half-life at 
pH 9, while it was stable at pH 5. However, no repots have been found about the 
fate of other HNM species in the water distribution system. Also the stability of 





RESEARCH OBJECTIVES AND APPROACHES 
 
 
Today, our understanding of HNM formation is very limited because the commercial 
standards for many HNM species only became available in the 2000s. The main objective 
of this research was to investigate the formation and control of HNMs during drinking 
water treatment. Specifically the following research objectives were examined using the 
different approaches: 
Objective (1): Examine the formation potential of HNMs under different 
disinfection conditions typically used in drinking water treatment, and the relationships 
among HNM formation potential and some typical water quality parameters. 
Approach: Five drinking water sources with different natural organic matter (NOM) 
concentrations and characteristics were selected from different parts of South Carolina 
and studied by collecting samples 3 times in a year. Fo mation potential tests were 
conducted with each water sample using five typical disinfection scenarios typically used 
in drinking water treatment (i.e., ozone, chlorine, monochloramine, ozone followed by 
chlorine and ozone followed by monochloramine). In order to further examine the roles 
of different NOM components in HNM formation, NOM fractions (hydrophobic (HPO), 
transphilic (TPH) and hydrophilic (HPI)) that have b en isolated from some of these 
water sources in previous research were also examined. Regressions between HNM 
formation and selected water quality parameters (e.g., DOC, DON, UV254, Br
-, 
DOC/DON, DON/DOC and SUVA254,) were evaluated.  
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Objective (2): Examine the roles of pH, bromide and nitrite in the formation and 
distribution of HNMs with typical drinking water treatment conditions. 
Approach: Formation and distribution of HNMs was studied under uniform formation 
conditions (UFC). UFC is a protocol developed to represent typical disinfection 
conditions in water distribution systems in the US. It requires the residual of free chlorine 
and combined chlorine to be maintained about 1.0 and 2.0 mg/L after 24 hr disinfection 
period, respectively (Summers et al., 1996). Experim nts were performed with 
Charleston raw and treated water at two pHs (6 and 8), three bromide levels (Br/DOC 
ratios of ambient, 50 and 100 µg/mg) and two nitrite concentrations (ambient and 2 
mg/L) for five disinfection scenarios (i.e., ozone, chlorine, monochloramine, ozone 
followed by monochloramine and ozone followed by chlorine). 
Objective (3): Investigate the formation of HNMs from the selected nitrogenous 
organic model compounds.  
Approach: Since the results for Objective 1 indicated that organic nitrogen 
components in natural waters contributed to the formation of HNMs, nitrogenous organic 
model compounds (i.e., eight amino acids and four amino sugars) were selected to further 
examine HNM formation. The impacts of pH (6 and 8), bromide (Br/DOC ratios of 
ambient and 100 µg/mg) and nitrite (<MRL and 2 mg/L) on the HNM formation were 
investigated for chlorination and ozonation followed chlorination, the two disinfection 
conditions yielded highest HNM yields during the exp riments conducted for Objective 
1.  
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Chapter four describes the materials and methods used throughout this research. 
Chapters five, six and seven present results that address objectives 1, 2 and 3, 





EXPERIMENTAL MATERIALS AND METHODS 
 
In this chapter, an overall and detailed description of experimental materials and 
methods used in this research will be provided. Since different samples and methods 
involved in different phases of the study, in each chapter there will be a short 
experimental materials and methods section to list the water samples used and the 
experimental matrix conducted for a particular chapter.  
 
Water Sources 
Water samples from five drinking water treatment plants (DWTPs), Greenville (GV), 
Spartanburg (SP), Startex-Jackson-Wellford-Duncan (SJWD), Charleston (CH), and 
Myrtle Beach (MB), located in South Carolina are usd in different phases of this project. 
In DWTPs, samples were collected from the influents of the plants (i.e., raw water 
samples) and after conventional treatment processes (coagulation, flocculation and 
filtration) but before any disinfectant addition (i.e., treated water samples). The only 
exception was the Spartanburg DWTP since prechlorinatio  is continuously practiced to 
maintain a residual of 0.5 mg/L in sedimentation basins throughout the year. The process 
flow diagrams of the DWTPs are provided in Appendix A. The water samples were 
immediately filtered with 0.2 µm Supor® membrane filters after they arrived at the lab 




In this study, two sets of NOM fractions were used in ifferent phases of the project. 
First set consisted of the hydrophobic (HPO) and transphilic (TPH) fractions obtained 
from MB, CH, and SP waters using XAD-8 (Superlite, DAX-8, Supelco) and XAD-4 
(Amberlite, Supelco) resin columns in sequence during a previous study (Karanfil et al., 
2007; Song et al., 2009), and the details of the fractionation procedures were reported 
therein. Second set NOM fractions were obtained during this research in batch reactors 
using excess resin dose (i.e., 10 g/L determined through preliminary experiments) at pH 2 
for MB and CH raw waters. The reason for this batch fractionation was to rapidly obtain 
the hydrophilic NOM fraction (HPI) which was not available from the previous study. 
The water sample was mixed with the XAD-8 in a bottle on a shaker table for 7 days. 
After the XAD-8 fractionation, a portion of the supernatant was collected (TPH+HPI) 
and the remaining NOM was further fractionated for another week in the same batch 
mode using XAD-4 to obtain the HPI fraction.  The pHs of the fractions were readjusted 
to 7 immediately after the fractionation. 
 
Analytical Methods 
A summary of the parameters, analytical methods, instruments used in the study and 
minimum reporting level (MRL) or accuracy are presented in Table 4.1. The detailed 
information about these methods is provided in thissection.  The majority of these 




Analytical Methods and Minimum Reporting Levels 
Parameter Unit Measurement Method Equipment 
Minimum Reporting 
Level  
TOCa (mg/L) SMb 5310B 
TOC-VCHS, Shimadzu Corp., 
Japan 
0.15 




Shimadzu Corp., Japan 
0.1 
UV Absorbancec1  SM 5910 










NH3 (mg/L) Salicylate Method HACH Test Kit 0.02
d 
pH  SM 4500-H+ 420A, Orion Corp., USA ±0.01e 
O3 (mg/L) SM 4500-O3 HACH Test Kit 0.02
d 
HNMf (µg/L) USEPA Method 551.1 6890 or 6850 GC-ECD, Agilent, USA 0.7 
THMf (µg/L) USEPA Method 551.1 6890 or 6850  GC-ECD, Agilent, USA 0.5-2 
Residual Free/Combined 
Chlorine 
(mg/L) SM 4500-Cl F NA 0.1-0.15 
a Reagent grade potassium hydrogen phthalate was used to prepare external standards.  Precision ranged from 0.05 to 0.15 mg/L.   
b SM: Standard Methods (APHA, 1995).  
c1Measured at wavelengths of 254 using a 1- or 5-cm cell. c2 Photometric accuracy (absorbance units).  
d Manufacturer Specification; kits are available for different concentration ranges. 
e  Accuracy (pH units).  
f Methyl tert-butyl ether (MtBE) solvent extraction ad a gas chromatograph (GC) with an electron capture detector (ECD) 
analysis.   
NA: Not applicable. 
38 
Chemical Standards 
All chemical standards of HNMs are commercially available from HNM standards 
were obtained from Orchid Cellmark (New Westminster, Canada) and Sigma Aldrich 
(Saint Louis, United States). The vendor information and purity of the chemicals are 
presented in Table 4.2. The purity of HNM standards was checked with HP 5890 GC 
equipped with PTX 5 column (J&W Scientific 30m × 0.53mm × 1.50µm). The initial 
oven temperature was set at 40oC, ramp to 200°C at 10°C /min, and hold for 10 minutes. 
The injector and detector temperature were set at 95 oC and 297 oC, respectively. GC was 
equipped with a flame ionization detector (FID). HNM standards were injected in 
splitless mode. The mix standard of THMs (2 × 106 ppb in methanol) was purchased from 
Supelco with 99+% purity. 
Table 4.2 
Commercial Standards and the Purity of HNMs 
Purity (%)  
Compound Vendor Manuf. 
Spec. 
Measured 
Chloronitromethane (CNM) Orchid Cellmark 93.6 91.6 
Dichloronitromethane (DCNM) Orchid Cellmark 99+ 98.5 
Trichloronitromethane (TCNM) Sigma 99+ 99.6 
Bromonitromethane (BNM) Sigma 99+ 99.5 
Bromochloronitromethane (BCNM) Orchid Cellmark 91.9 85.0 
Bromodichloronitromethane (BDCNM) Orchid Cellmark 93.9 91.6 
Dibromonitromethane (DBNM) Orchid Cellmark 91.4 92.0 
HNM 




Preparation and Analysis of HNM Standard Stock Solutions  
Stock solutions of each HNM chemical were prepared in methyl tert-butyl ether 
(MtBE). A closed crimped top vial was preweighed. Each HNM chemical to a nearest 1.0 
mg mass quantity was taken out with a micro-syringe and injected into a closed crimped 
top vial through septum. The chemical with the closed crimped top vial was weighed on a 
micro-balance. The mass of each HNM chemical excluding the mass of the closed 
crimped top vial was calculated to obtain exact mass of HNM chemical. Each weighed 
HNM chemical in the crimped top vial was diluted to 1.0 mL with MtBE to produce ≈106 
µg/L stock solution. The concentration of HNM stock solutions were calculated using the 
mass and measured purity of chemicals. The 106 µg/L HNM stock solutions served as 
master stock solutions to produce 104 µg/L HNM stock mixtures. Calibration standards of 
HNM species were prepared by spiking variable amounts of 104 µg/L stock mixtures of 
HNMs in distilled deionized water (DDW).  
HNMs were analyzed using EPA 551.1 with minor modifications. A 10 mL of sample 
was extracted with 10 mL of MtBE in the presence of 3 g Na2SO4 (for salting out effect) 
and 1 g of CuSO4 (for facilitating phase separation). The extraction nvolved 30 min of 
solution shaking on a shaker table. Calibration curves for each HNM species were 
obtained by collecting at least 6 points, usually with an R square higher than 0.99. The 
MtBE extract was analyzed with both HP 6890 and HP 6850 GC equipped with DB-1 
(J&W Scientific 30m × 0.25mm × 1.00µm) and DB-5 column (J&W Scientific 30m × 
0.32mm × 0.25µm), respectively. The DB-5 column was used as the primary column, 
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while DB-1 column was employed when necessary to res lv  co-elution of target HNMs 
with other peaks that may occur in DB-5 column. Each GC was equipped with a micro 
electron capture detector (µ-ECD). The temperature program was set at 35°C for 6 
minutes, 30°C /min to 190°C, and hold for 1.5 minutes. The sample (2 µL) was injected 
in splitless mode. The carrier and makeup gases were ultra high purity (UHP) helium 
(He) and UHP nitrogen (N2) with flow rates of 2.3 mL/min and 60 mL/min, respctively. 
The injector temperature was set at 117°C to minimize thermal decomposition of several 
HNM compounds (chlorodibromo-, bromodichloro-, and tribromonitromethane). These 
compounds are thermally unstable and decompose under commonly used injection-port 
temperatures during GC or GC/MS analysis (Weinberg et al., 2002; Chen and Richardson, 
2002). The detector temperature is 297°C.  
HNM Detection Limit and Minimum Reporting Level 
The detection limits (DL) were estimated for all nine HNM species by seven 
consecutive analyses (i.e., one injection per vial for the seven vials prepared from a single 
sample) on mixture solutions, which contained approximately 2 µg/L of each HNM 
compound (Glaser et al., 1981). The following equation was used: 
 DL = S * t (n-1, 1-α) (4-1) 
where S = standard deviation of the replicate analyses, t (n-1, 1-α) = student-t value for the 
1-α with n-1 degrees of freedom (e.g., t(6,0.99) =3.143 for 7 replicates at the 99% 
confidence level), n = number of replicates and α = 0.01, confidence level is 1-α= 0.99.  
The MRL was established at a concentration that is 3 t mes the DL. In practice, this is 
the lowest point on the calibration curve that can be quantified. The DL and MRL of 
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HNMs determined with DB-1 and DB-5 columns are presented in Table 4.3.  For most 
species the MRL was < 1 µg/L. DB-5 column was used as the primary column for 
quantitative analyses. In this study, it was designated as not detected (ND) when HNMs 
were not observed in the chromatogram, while the term “<MRL” referred to formation of 
HNMs below minimum reporting level.  
HNM Spike Recovery Experiments 
Spike recovery experiments were performed to verify that the employed analytical 
method would be applicable to other water matrices. This issue was addressed by 
analyzing spike recoveries of the HNM species in Spartanburg raw water, which was 
spiked with 10 µg/L of HNM species, then immediately extracted and alyzed with both 
DB-1 and DB-5 columns. 
The spike recovery was calculated using the following equation: 
 Spike Recovery = M/(S+B) * 100% (4-2) 
where M=measured concentration with spike (µg/L), S = concentration of spike added 
(fortified concentration; [µg/L]) and B = background concentration (µg/L) 
The results are shown in Table 4.4. The recoveries for HNM species were ranged 
from 92% to 106%. The method was proved to be applicable for various natural water 
samples to be analyzed in this project. The background analysis was accomplished by 



































CNM 1.58 1.65 0.8 0.04 0.13 1.58 1.5 0.08 0.23 
DCNM 1.86 1.86 2.5 0.15 0.44 1.89 2.8 0.16 0.49 
TCNM 2.00 2.01 3.1 0.21 0.62 2.08 1.3 0.08 0.25 
BNM 2.17 2.25 1.7 0.12 0.37 2.34 1.2 0.09 0.26 
BCNM 1.89 1.97 5.3 0.33 0.99 1.94 2.3 0.12 0.36 
BDCNM 2.59 2.74 2.7 0.23 0.69 2.68 1.9 0.10 0.31 
DBNM 2.11 2.23 6.5 0.46 1.38 2.18 1.2 0.16 0.48 
DBCNM 2.23 2.30 1.3 0.10 0.29 2.34 1.3 0.10 0.29 
TBNM 2.28 2.15 1.5 0.10 0.30 2.20 2.9 0.20 0.59 
 
Table 4.4 


























CNM 8.04 8.18 1.5 101 8.40 8.73 2.8 104 
DCNM 10.28 10.39 0.7 101 9.57 11.13 3.9 106 
TCNM 10.17 10.63 1.1 104 10.57 11.06 0.8 105 
BNM 10.98 11.22 2.0 102 11.57 12.00 0.4 104 
BCNM 9.51 9.81 2.7 103 9.86 10.10 2.5 102 
BDCNM 15.35 15.31 2.1 100 15.98 15.54 4.7 97 
DBNM 10.85 11.22 3.4 103 10.95 11.22 4.0 102 
DBCNM 12.35 12.62 1.6 102 13.80 12.82 2.1 93 
TBNM 11.32 11.48 1.7 101 12.40 11.46 0.9 92 
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THM Analysis 
THMs were analyzed using EPA 551.1 with minor modifications. The extraction 
method was the same as that of HNMs. The MtBE extract w s analyzed with HP 6890 
gas chromatograph equipped with DB-1 column (J&W Scientific 30m × 0.25mm × 
1.00µm) and a micro electron capture detector (µ-ECD). 
The GC temperature program for THMs was initially at 35oC for 22 min, increased to 
125oC at 10oC/min, and hold for 1 min, then ramp to 300oC at 30oC/min, and hold for 4 
min. The injector and detector temperature were 250oC and 290oC, respectively. The 
carrier and makeup gases were ultra high purity (UHP) helium (He) and UHP nitrogen 
(N2) with flow rates of 2.2 mL/min and 60 mL/min, respctively. The MRLs were set at 1 
ppb for all four THM species (Hong, 2006). 
Bromide, Nitrite and Nitrate Measurements 
Bromide, nitrite and nitrate were measured using a Dionex DX-600 ion 
chromatography equipped with an AAES suppressor. The standards were prepared with 
NaBr (> 99.9%, Sigma), NaNO2 (> 99.9%, Sigma), and NaNO3 (> 99.9%, Sigma). The 
mobile phase was 9 mM Na2CO3 and samples were isocratically separated with Dionex 
AS-HC9 coupled with AG-HC9 guard column. The sample volumes injected were 250 
µL for drinking water samples. For bromide, calibration curve was generated in a range 
of 5-1000 µg/L. For nitrite and nitrate, curves were generated for a range of 25-2000 
µg/L and 25-3000 µg/L, respectively. The MRLs that were determined using 30-40 µg/L 
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standards with seven consecutive analyses are presented in Table 4.5. The MRLs are 
measured at 10, 20 and 15 µg/L for bromide, nitrite and nitrate, respectively. 
Table 4.5 











Bromide 37.4 36.5 2.9 3.3 9.9 
Nitrite 32.3 33.0 6.1 6.4 19.1 
Nitrate 40.5 41.3 2.7 3.5 10.5 
 
 
Total Organic Carbon and Total Nitrogen Measurement 
Total organic carbon (TOC) and total nitrogen (TN) were measured using a Shimadzu 
TOC-VCHS high temperature combustion analyzer equipped witha TN (TNM-1) module. 
Prior to analysis, samples were acidified to pH 2 with 0.2 mol/L HCl and purged for four 
minutes. TOC standards were prepared by diluting 1000 mg C/L potassium hydrogen 
phthalate solution in the range of 0.5-35 mg C/L. TN standards were prepared by diluting 
1000 mg N/L potassium nitrate solution in the range of 0.5-25 mg N/L. The MRLs for 




Ammonia concentrations were measured using Salicylate method with HACH kits. 
Ammonia samples were preserved using sulfuric acid to keep the pH less than 2 and 
stored in a refrigerator until analysis. Before analysis, the pH of samples was raised to 6-
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8 using a 1M NaOH solution.  Salicylate reagent wasadded to a 10 mL sample, and after 
3 min, cyanurate reagent was added.  After 15 min reaction, ammonia in the sample was 
colorimetrically measured with a HACH DR/820 colorimeter. The method performance 
was checked at a regular basis by measuring a 0.4 mg/L ammonia solution using a 
certified ammonia nitrogen standard solution (HACH).  
 
TON or DON Determination  
In this study, total (TON) or dissolved organic nitrogen (DON) concentrations were 
determined through subtraction as below. Dissolved material is typically operationally 
defined as passing a 0.45 µm filter (Westerhoff and Mash, 2002).  
 TON = TN – NO3-N – NO2-N – NH4
+-N (4-3) 
  DON = DN – NO3-N – NO2-N – NH4
+-N (4-4) 
Previous research has shown that surface waters and dri king waters with high 
DIN/TN ratios (> 0.6 mg N/mg N) requires dialysis pretreatment for more accurate DON 
determination (Lee and Westerhoff, 2005). For the majority of the time in this study, TN 
(or DN) and NO3-N were two components detected and measured for TON or DON 
determination. Among 29 water samples used in the study, 7 of them had DIN/TN > 0.6 
mg N/mg N.   
 
Ozone Production and Measurement 
For the experiments involving ozonation of water samples, ozonation was carried out 
by adding ozone stock solution to the samples. A true batch mode was used to prepare 
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ozone stock solution. A 1 L gas washing bottle containing DDW with minimal headspace 
was placed in ice bath, and the solution was ozonated with a GTC-1B Griffin ozone 
generator (Griffin Technics Inc.) fed with ultra hig  purity oxygen gas (2 % ozone 
output). To minimize the fluctuation of ozone output of the ozonator, a glass damper (8 
L, Tudor Scientific Glass) was placed between the ozonator and the gas washing bottle. 
In a typical ozone stock preparation, approximately 30 min ozonation would saturate the 
solution, yielding 28-32 mg O3/L. Extended ozonation did not increase the ozone 
concentration. Varying amounts of ozone stock solution were added to the samples, and 
the samples were mixed on a stir plate for 5 min before chlorination or chloramination. 
The residual ozone concentration was measured by the method described below, to assure 
that there was ozone residual before chlorine or chloramine addition or the bottle was not 
ozone limited. 
Ozone concentration was measured using Indigo method. Approximately 40 mL of 
sample was transferred in a plastic beaker and a HACH ozone reagent ampule (Accuvac) 
containing indigo reagent was filled with the sample. The indigo reagent immediately 
reacted with ozone and the blue color of indigo wasbleached in proportion to the amount 
of ozone present in the sample. Ozone in the sample was colorimetrically measured with 
a HACH DR/820 colorimeter. 
 
Chlorine and Monochloramine Production and Measurement 
The fresh chlorine stocks were prepared by diluting sodium hypochlorite (5-6% 
available free chlorine) before the experiment each time. The fresh monochloramine 
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stock solution was prepared by mixing sodium hypochlorite (5-6% available free 
chlorine) and ammonium sulfate solutions at a Cl2/N mass ratio of 3.5:1 (0.69:1 molar 
ratio) and pH 9. The concentrations of the free chlorine and monochloramine as free 
chlorine were measured with Standard Method 4500-Cl F (DPD Ferrous Titrimetric 
Method). 
 
Formation Potential Tests 
HNM formation potential (FP) tests, designed to determine the formation of HNM 
species after 24-hr reaction in the presence of excess hlorine, monochloramine and 72-hr 
in the presence of excess monochloramine, were condu te  with five natural waters and 
NOM fractions under 5 different disinfection conditions: (1) Chlorination, (2) 
Chloramination, (3) Ozonation, (4) Ozonation followed by chlorination (ozonation-
chlorination), and (5) Ozonation followed by chloramination (ozonation-chloramination) 
according to the following protocol.  
The FP tests are performed in the mode of completely mixed batch reactors (i.e., 
CMBRs) using 65 mL amber bottles. Each bottle received a stir bar and was initially 
filled headspace free with the test water. Then, a precalculated volume of the test water 
was removed from each bottle; the volume removed being qual to the volume of the 
ozone stock solution to be subsequently added for oz nation. For the reactors involving 
only chlorination or chloramination, the removed volume was filled with DDW to 
maintain the same dilution of DOC as in the ozonated CMBRs. Chlorination and 
chloramination of samples were performed by spiking predetermined amount of chlorine 
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(≈ 1600 mg/L) or chloramines (≈ 800 mg/L) stock solution to the near bottom of the
CMBRs using a long needle syringe while allowing overflow of residual solution. Ozone 
stock solution was directly added from a gas wash bottle to the top of the solution while 
minimizing the transfer time to avoid volatilization loss (see the section about ozonation 
experiment prior to chlorination or chloramination). The dosage of chlorine (Cl2) was 
determined using the formula approach developed by Krasner and colleagues studying 
the presence of DBP precursors in treated wastewaters, r claimed water and drinking 
waters from various sources with different compositi ns (Krasner et al., 2004, 2009; 
Mitch et al., 2008). The following formula (all terms are on a mass basis, mg/L) was used 
for chlorination, Cl2 = 3[dissolved organic carbon (DOC)] + 8[NH3-N] + 5 [NO2
--N] + 
10, which expresses chlorine demand to oxidize organic carbon, ammonia (2NH3 + 3 Cl2 
→ N2 + 6H+ +6Cl-, 7.6 mg/L Cl2 per 1 mg/L NH3-N), and nitrite (NO2- + HOCl → NO3- 
+ H+ + Cl-, 5 mg/L Cl2 per 1 mg/L NO2
--N). Extra 10 mg/L of Cl2 is to ensure the water 
samples having excess of Cl2 during formation potential tests. For chloramination FP 
tests, a monochloramine (NH2Cl) stock solution was prepared by mixing sodium 
hypochlorite (5-6% available free chlorine) in an ammonium sulfate solution at a Cl2/N 
mass ratio of 3.5:1 (0.69:1 molar ratio) and pH 9. Preformed NH2Cl dose used in the 
experiments was determined with the following formula (all terms are on a mass basis, 
mg/L), NH2Cl = 3 [DOC] + 5 [NO2-N] (NO2
- + NH2Cl + H2O → NH4+ + NO3- + Cl-, 5 
mg NH2Cl /L as Cl2 per 1 mg/L NO2
--N). Ammonia is not included in the formula since 
NH2Cl does not oxidize ammonia. The ozone dose was equal to DOC of the samples (i.e., 
1:1 mass ratio) because this is a typical ratio used in ozonation during water treatment. 
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This formula based approach allowed a consistent oxidant dosing strategy for waters with 
varying DOC, ammonia and nitrite concentrations, and lways resulted in a positive 
chlorine residual (free Cl2 for chlorination or total combined residual for chloramination) 
at the end of the formation potential tests. After receiving the disinfectant, the CMBRs 
were capped and stirred on a stir plate for a couple of minutes before storing in a water 
bath (22°C). HNM formation potentials were measured after 24 hr except for 
chloramination and ozonation-chloramination tests two contact times (24 hr and 72 hr) 
were conducted since monochloramine is a weaker oxidant than ozone and chlorine, and 
it was expected that HNM formation rate is slower du ing chloramination.  
The samples were extracted following the HNM analysis method described before at 
the end of reaction.  
The background control analysis was applied whenever a new batch of MtBE was 
obtained to examine if any reaction between chlorine a d monochloramine with the trace 
organic impurities in MtBE resulted in the formation f HNMs. DDW samples with 10 
and 20 mg/L of chlorine, and with 10 and 20 mg/L of monochloramine were prepared 
and immediately extracted as performed for a typical sample for HNM analyses, 
respectively. The results showed that there was no formation of HNMs. Therefore, no 
quenching agent was used for the water samples at the end of chlorination or 
monochloramination period, and the samples were immediately extracted.  
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Uniform Formation Condition (UFC) Protocol 
The UFC protocol was originally developed to represent typical conditions in water 
distribution systems using chlorination in US (Summers et al., 1996). It was used in this 
study with the following modifications: (i) Experiments were conducted at two different 
pHs, not only at pH 8 as prescribed in the UFC protoc l, in order to investigate the pH 
effect, (ii) the total combined chlorine residual after 24 hr was maintained around 2 mg/L 
as Cl2 for chloramination, instead of 1 mg/L free chlorine residual used for chlorination. 
According to the American Water Works Association disinfection systems committee 
survey, the total combined chlorine residuals in medium and large size chloramination 
systems were 2.4 mg/L (mean) and 2.5 mg/L (median) (American Water Works 
Association Committee Report, 2000).  Although the average detention time in the 
distribution systems was not reported, it is reasonble to use 2 mg/L total residual after 24 
hr in the UFC tests for several reasons: 1) NH2Cl is not very reactive and the proposed 2 
mg/L residual is close to the average concentration in the chloramination systems, 2) the 
survey conducted for the development of UFC protocol indicated 1.3 day average 
residence time in the distribution systems for chlorinating utilities, and 3) other 
researchers have used similar conditions in different chloramination studies (e.g., Singer 
et al., 2002). (iii) Carbonate buffer was used instead of borate buffer. Carbonate was used 
because carbonate commonly exists in natural water. The addition of carbonate buffer 
resulted in the alkalinity change of 200 mg/L. UFC protocol was applied to various 
disinfectant scenarios tested in this study (i.e., chlorination, chloramination, ozonation-
chlorination and ozonation- chloramination).  
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Before each UFC experiment, a fresh HOCl or NH2Cl (by mixing sodium 
hypochlorite (5-6% available free chlorine) and ammonium sulfate solutions in DDW at a 
Cl2/N mass ratio of 3.5:1 at pH 9.0) stock solutions were prepared. Preliminary 
experiments were conducted for each sample to determin  the doses of NH2Cl and Cl2 
that would provide a total chlorine residual of about 2.0 mg/L for chloramination and a 
free chlorine residual of 1.0 mg/L for chlorination after one day of contact time. The 
samples were immediately extracted without using any quenching agent and analyzed for 
HNMs or THMs. The typical ratio (i.e., 1:1 ratio) of zone to DOC was applied for the 
preozonation cases.   
 
HNM Formation Potential Tests from Model Compounds 
Eight amino acids (aspartic acids, glutamic acids, lycine, histidine, glycine, alanine, 
cysteine and serine) and four amino sugars (glucosamine, galactosamine, N-
acetylglucosamine and sialic acid) were chosen as the model compounds of HNM 
precursors. About 1 mg/L solution of each selected amino acids and sugars were prepared 
in DDW. Two different disinfection processes were applied, chlorination and ozonation 
with chlorination. The chlorine dose was determined by the formula (on a weight basis, 
mg/L) Cl2 = 3 × DOC + 10, which was the same method as Cl2 dose for the formation 
potential test of drinking water samples since there was no ammonia and nitrite present. 
Much higher ozone consuming rates were observed during ozonation of the model 
compound solutions than the tested water samples. Therefore, elevated ozone dose was 
applied to ensure all the solutions have ozone residu  before addition of chlorine. Ozone 
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dose was ten times as DOC concentration of the model compound solutions (i.e., 10:1 
mass ratio). HNM formation was measured after 24 hr disinfection.  
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CHAPTER FIVE 
HALONITROMETHANE FORMATION POTENTIALS IN DRINKING WATERS 
 
Introduction and Objectives 
The presence of HNMs in drinking water was first realized in Europe where 
occurrence of TCNM in drinking water caused an odor pr blem and generated a public 
health concern (Merlet et al., 1985; Hoigné and Bader, 1988). Later, the other eight 
remaining species including mono- and dichlorine and/or bromine substituted HNMs 
were found in waters treated with ozone-chlorine, chlorine, and chloramines (Thibaud et 
al., 1988; Krasner et al., 1989, 1991, 2006; Richardson et al, 1999b; Plewa et al., 2004). 
One of the most notable findings in those studies wa that HNM formation substantially 
increased when ozonation was used prior to chlorinatio . For example, Hoigné and Bader 
(1988) reported that TCNM formation increased by 3-5 times when a lake water was pre-
ozonated before chlorination. Various hypotheses have been proposed regarding the role 
of ozone (Merlet et al., 1985; von Gunten, 2003; Choi and Richardson, 2004), but none of 
them have been experimentally verified and the exact role of ozone in the formation of 
HNMs still remains unresolved.  
Despite the increasing body of literature on HNMs, systematic investigations with a 
whole array of HNM species have not been reported due to the lack of commercial 
chemical standards of all the species, which became vailable since the mid of 2000’s. 
Furthermore, formation of different HNMs for varying oxidation conditions, information 
about their precursors, and factors controlling their formation are unknown.  
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The objectives of this study were to examine the formation potentials (i.e., total 
amount of HNM precursors available) of HNMs in drinking waters with varying 
characteristics under different oxidation conditions commonly used for water treatment, 
and the capabilities of various water quality parameters to predict HNM formation 
potential in a water sample. Unlike most previous HNM research, the samples were 
analyzed for all nine HNM species, thus the formation potential of nine HNM species 
was investigated in this study. 
 
Approach 
HNM formation potential (FP) tests were conducted to etermine the extent of HNM 
formation, thus the amount of HNM precursors in a sample, for excess amounts of 
oxidants under five different scenarios: ozonation, chlorination, ozonation-chlorination, 
chloramination, and ozonation-chloramination. The experimental matrix of HNM 
formation potential is presented in Table 5.1.  
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Table 5.1 
Experimental Matrix for This Chaptera 
  O3 Cl2 NH2Cl O3-Cl2 O3-NH2Cl 
  24 hr 24 hr 24 hr 72 hr 24 hr 24 hr 72 hr 
Myrtle Beach √ √ √ √ √ √ √ 
Charleston √ √ √ √ √ √ √ 
Spartanburg √ √ √ √ √ √ √ 
SJWD √ √ √ √ √ √ √ 
Raw and 
Treated Waters 
Greenville √ √ √ √ √ √ √ 
         
Myrtle Beach Raw √ √ √ √ √ √ √ 
Charleston Raw √ √ √ √ √ √ √ 
Charleston Treated √ √ √ √ √ √ √ 
HPO Fractions 
Spartanburg Raw √ √ √ √ √ √ √ 
         
Myrtle Beach Raw √ √ √ √ √ √ √ 
Charleston Treated √ √ √ √ √ √ √ 
Spartanburg Raw √ √ √ √ √ √ √ 
TPH Fractions 
Charleston Raw √ √ √ √ √ √ √ 
         
Myrtle Beach Raw √ √ √ √ √ √ √ TPH + HPI 
Mix Fractions Charleston Raw √ √ √ √ √ √ √ 
         
Myrtle Beach Raw √ √ √ √ √ √ √ HPI Fractions 
Charleston Raw √ √ √ √ √ √ √ 
a The time listed correspond to disinfection period. √: The performed experiments.  
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 Materials and Methods 
Water samples were collected from five drinking water treatment plants (DWTPs), 
Greenvillle (GV), Spartanburg (SP), Startex-Jackson-Wellford-Duncan (SJWD), 
Charleston (CH), and Myrtle Beach (MB), in South Carolina in US, as described in 
Chapter 4. The sampling was performed three times between February and July 2007 for 
all the DWTPs except MB which was sampled twice. Samples were collected from the 
influents of the plants (i.e., raw) and after conventional treatment processes before any 
disinfectant addition (i.e., treated) except SP DWTP, which has prechlorination with a 
residual of 0.5 mg/L. Samples were filtered with pre-washed 0.2 µm Supor® membrane 
filters to eliminate particles and biological activity immediately after arrival at the 
laboratory, and stored in a dark constant temperature room (4 °C) until the experiments 
were performed.  
Formation potentials of each NOM fraction were also examined using two sets of 
NOM fractions. First set consisted of the hydrophobic (HPO) and transphilic (TPH) 
fractions obtained from MB, CH, and SP waters during a recent study by Karanfil et al. 
(2007), where the HPO and TPH fractions covered a wide range of specific ultraviolet 
absorbance (SUVA254) values, and C and N contents. Second, in this study, NOM 
fractionation was conducted in batch reactors using excess resin dose of 10 g/L, 
experimentally determined for these source waters by Karanfil et al. (2007), for MB and 
CH raw waters at pH 2. The water samples were mixed with XAD-8 resin in a bottle on a 
shaker table for 7 days. After the XAD-8 fractionation, a portion of the supernatant was 
collected (TPH+HPI) and the remaining NOM was furthe  fractionated for another week 
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in the same batch mode using XAD-4 resin to obtain HPI fraction. The pH values of the 
fractions (TPH+HPI and HPI) were readjusted to 7 immediately after the fractionation 
with 2 M HCl. 
Details for the HNM formation potential test protocol and analytical methods were as 
described in Chapter 4. For each disinfection scenario, duplicate reactors were prepared 
and run. Overall, a total of 41 formation potential ests (29 with natural waters and 12 
with NOM fractions) were performed (Tables 5.2 to 5.4). 
 
Results and Discussion 
Water Characteristics 
The water characterization results showed that natural waters and NOM fractions 
used in the HNM formation potential tests covered a wide range of DOC (0.6-8.7 mg/l), 
DON (<MRL-0.50 mg/L), DOC/DON ratios (5-41 mg/mg), and SUVA254 (0.9-4.7 L/mg-
m) values (Tables 5.2 to 5.4). The C/N ratios of NOM fractions with a CHNSO (carbon, 
hydrogen, nitrogen, sulfur and oxygen) elemental analyzer were comparable with the 
DOC/DON ratios measured using the high temperature combustion TOC/TN analyzer 
(Table 5.3). Exceptionally, about 28% difference between the ratios of DOC/DON and 
C/N was observed from MB raw HPO fraction. A general trend of increasing DOC/DON 
ratio with increasing SUVA254 was observed for both drinking water samples and NOM 
fractions (Figure 5.1). A similar relationship was reported for several fresh water samples 
and NOM fractions by Lee and Westerhoff (2006). Since the water samples and NOM 
fractions covered a wide range of SUVA254 and DOC/DON ratios, the samples used for 
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HNM formation potential tests contained organic matter with varying degrees of aromatic 
and nitrogenous organic components (Tables 5.2 to 5.4, Figure 5.1). The nitrite level for 
the water samples was below MRL. The bromide concentrations were relatively low, 
mostly below 20 µg/L, except the Charleston and Myrtle Beach samples. As a result, the 
highest Br/DOC ratio observed was 28 µg/mg, while it was, in general, 10 µg/mg or 






















Figure 5.1 Correlation between SUVA254 and DOC/DON ratios of drinking water 
samples and NOM fractions.  
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Table 5.2  
Selected Characteristics of the Water Samples Used in the HNM Formation Potential Tests* 





(L/mg-m) (mg/L) (mg/L) (mg/mg) (mg/mg) (µg/L) (mg-N/L) (µg/L) 
Feb. MB Raw 4.4 8.7 0.21 41 0.19 111 0.03 14 
Feb. MB Treated 2.0 4.0 0.14 29 0.25 101 0.02 31 
Jul. MB Raw 4.0 7.5 0.38 20 0.21 335 0.02 49 
Jul. MB Treated 2.0 3.5 0.22 16 0.30 295 0.03 53 
Feb. CH Raw 4.0 5.5 0.18 31 0.29 341 <MRL 54 
Feb. CH Treated 2.0 2.7 0.10 27 0.39 335 <MRL 59 
Jun. CH Raw 4.5 3.3 0.18 18 0.51 826 <MRL 37 
Jun. CH Treated** 2.9 1.4 <MRL N/C 0.93 787 <MRL 39 
Jul. CH Raw 3.6 4.1 0.19 22 0.41 509 <MRL 44 
Jul. CH Treated 2.0 2.3 0.13 18 0.42 400 <MRL 45 
Mar. SP Raw** 3.4 1.8 <MRL N/C 1.00 1094 0.02 13 
Mar. SP Treated** 1.1 1.2 <MRL N/C 1.00 1098 <MRL 13 
Jun. SP Raw 1.8 2.2 0.19 12 0.45 537 0.03 <MRL 
Jun. SP Treated 0.9 1.2 0.13 9 0.38 402 <MRL <MRL 
Jul. SP Raw 2.0 1.8 0.18 10 0.38 305 0.04 15 
Jul. SP Treated** 0.9 1.3 <MRL N/C 0.23 57 <MRL <MRL 
* Samples were collected in 2007. The values reportd in the table were the average for the waters used in the experiments, accounting for the dilution 
effects due spiking of the samples with ozone, chlorine or chloramine solutions during formation potential tests. The relative standard deviations of 
DOC, DN, NO3
-, NH3-N and Br
- were within 10%, 10%, 4%, 5% and 6%, respectively. **These test results were not used in developing regressions 










Table 5.2 (Continued)  
Selected Characteristics of the Water Samples Used in the HNM Formation Potential Tests* 





(L/mg-m) (mg/L) (mg/L) (mg/mg) (mg/mg) (µg/L) (mg-N/L) (µg/L) 
Mar. SJWD Raw** 3.5 1.7 <MRL N/C 0.97 1610 0.03 14 
Mar. SJWD Treated** 1.4 1.3 <MRL NC 0.88 1526 0.03 16 
May SJWD Raw 1.8 2.8 0.45 6 0.31 680 0.05 14 
May SJWD Treated 1.4 1.9 0.27 7 0.46 647 0.08 13 
Jul. SJWD Raw** 2.8 1.7 <MRL N/C 0.89 1369 0.10 21 
Jul. SJWD Treated 2.1 1.4 0.15 9 0.71 1152 0.10 20 
Mar. GV Raw** 1.9 1.0 <MRL N/C N/A 209 <MRL <MRL 
Mar. GV Treated** 1.4 0.7 <MRL N/C N/A 154 <MRL <MRL 
May GV Treated 1.8 0.6 0.13 5 0.09 56 <MRL <MRL 
Jul. GV Raw** 1.6 1.2 <MRL N/C 0.38 71 0.02 13 
Jul. GV Treated** 1.3 0.9 <MRL N/C 0.15 23 <MRL 12 
* Samples were collected in 2007. The values reportd in the table were the average for the waters used in the experiments, accounting for the dilution 
effects due spiking of the samples with ozone, chlorine or chloramine solutions during formation potential tests. The relative standard deviations of 
DOC, DN, NO3
-, NH3-N and Br
- were within 10%, 10%, 4%, 5% and 6%, respectively. **These test results were not used in developing regressions 





Table 5.3  
Selected Characteristics of the NOM Fractions from Karanfil et al. (2007) Used in the 
HNM Formation Potential Tests* 
SUVA254 DOC DON DOC/DON C/N Fraction 
(L/mg-m) (mg/L) (mg/L) (mg/mg) (−) 
Myrtle Beach Raw - HPO 4.7 4.0 0.14 29 37 
Myrtle Beach Raw – TPH 1.7 5.1 0.50 10 11 
Spartanburg Raw – HPO 3.1 5.2 0.20 26 29 
Spartanburg Raw – TPH 1.3 4.5 0.40 11 11 
Charleston Raw – HPO 4.4 4.0 0.12 33 34 
Charleston Raw – TPH 1.6 4.5 0.30 15 15 
Charleston Treated – HPO 2.7 4.5 0.12 38 37 
Charleston Treated – TPH 1.6 4.5 0.30 15 13 
*The values reported in the table were for the water in the experiments and include the dilution effects due 
spiking the samples with ozone, chlorine or chloramine solutions in the bottles during formation potential 
tests. The relative standard deviation of DOC was within 10%. 
 
 
Table 5.4  
Selected Characteristics of the Fractions Obtained from Myrtle Beach Raw and 
Charleston Raw Waters in this Study and Used in the HNM Formation Potential Tests* 
SUVA254 DOC DON DOC/DON Water source and Fraction 
(L/mg-m) (mg/L) (mg/L) (mg/mg) 
Myrtle Beach Raw  4.0 5.6 0.18 32 
Myrtle Beach Raw –TPH + HPI 2.0 2.5 0.23 11 
Myrtle Beach Raw –HPI 1.4 1.4 0.18 8 
Charleston Raw  3.6 4.1 0.16 25 
Charleston Raw – TPH + HPI 1.6 2.0 0.21 9 
Charleston Raw –HPI 1.2 1.2 0.16 8 
* Myrtle Beach and Charleston Raw waters were colleted in November 2007. The values reported in the 
table were for the water in the experiments and include the dilution effects due spiking the samples with 
ozone, chlorine or chloramine solutions in the bottles during formation potential tests. The relative standard 
deviation of DOC was within 10%.  
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The Effect of Oxidation Processes on HNM Formation P tential 
The results of HNM formation potential tests for natur l water samples and NOM 
fractions are provided in Tables 5.5 through Table 5.9.  
Among the five disinfection processes tested, the HNM formation in molar 
concentrations (nM HNM) and molar yields (nmol HNM/mg DOC) can be ranked in the 
order of ozonation-chlorination >> chlorination ≥ ozonation-chloramination >> 
chloramination (Tables 5.5 to 5.7 and Figure 5.2), where “>>” stands for significant 
higher and “≥” stands for slightly higher and similar. The same ranking of HNM molar 
concentrations and yields with different disinfectants was also obtained based on the 
Student’s t-test (α = 0.05). For the most reactive ozonation-chlorination condition, the 
HNM yields ranged from 7.6 to 30.9 nmol/mg DOC and 12.4 to 39.5 nmol/mg DOC, 
with the mean value of 17.7 and 24.4 nmol/mg DOC for raw and treated waters, 
respectively. HNM yields were greater in the low SUVA254 waters (GV, SJWD, SP) than 
the high SUVA254 waters (CH, MB) (Table 5.6). Seasonal effect on HNM formation was 
not able to be investigated since inadequate samples were collected at different seasons. 
The effect of ozone is in agreement with the previous observations that ozonation 
substantially enhanced HNM formation when combined with chlorination (Merlet et al., 
1985; Hoigné and Bader, 1988; Choi and Richardson, 2004; Krasner et al., 2006). 
Ozonation-chloramination produced significantly lower concentrations of HNMs, 
sometimes at levels below the MRLs. Chloramination alone resulted in minimal or no 
formation of HNMs, suggesting that the oxidation potential of chloramine is not high 
enough to induce HNM formation. It appears that despit  some of its disadvantages, the 
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benefit from using chloramination alone or after ozonation is reducing the formation of 
HNM in addition to reducing the formation of regulated THMs and HAAs (Hong et al., 
2007, 2008). Chloramination and ozonation-chloramination tests conducted at two 
contact times (24 hr and 72 hr) showed that HNM formation during chloramination is a 
slow reaction as compared to chlorination. Therefore, the 72 hr formation potential test 
results are shown in the summary tables (Tables 5.5 to 5.8) and Figure 5.2. Ozonation 
alone did not form any HNMs; this was expected since there was no chlorine or 
chloramine agent to react with the oxidized organic matter in water samples or NOM 
fractions, and the bromide levels of the waters were usually low or below detection limit 
resulting in very low HOBr formation via ozone oxidation reaction. Therefore, no 
brominated nitromethanes were detected although HOBr is an oxidant and substituting 
agent.   
TCNM and BDCNM were the main two HNM species measured during the FP tests 
at levels above their MRLs. This is because the waters tested in this study had, in general, 
low bromide levels, and the high dose of chlorine us d in the FP tests (high Cl2/Br ratio) 
suppressed bromine incorporation. Trace amounts of other HNM species, mainly DCNM 
and TBNM, were also detected around the MRL in a few samples. Representative results 
for a high SUVA (MB) and a low SUVA (GV) samples are shown in Figures 5.3 and 5.4. 
It was noted that during ozonation-chlorination, higher amount of BDCNM was formed 
in MB treated water than MB raw water. This is probably due to the facts that MB treated 
water had higher concentration of bromide than MB raw water and hydrophilic NOM 
components were more reactive towards bromine incorporation.  
 64 
Table 5.5  
HNM Formation Potential Test Results of Raw and Treated Drinking Waters:  
HNM Molar Concentrations 
HNM (nM) Collection 
Month 
Sample 
O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Feb. MB R <MRL 12.8 66.2 10.3 16.4 
Feb. MB T <MRL 11.7 49.4 <MRL 9.9 
Jul. MB R <MRL 22.2 68.1 <MRL 23.2 
Jul. MB T <MRL 10.3 62.3 8.6 13.7 
Feb. CH R <MRL 15.2 54.7 3.8 18.2 
Feb. CH T <MRL 12.7 51.3 <MRL 12.4 
Jun. CH R <MRL 13.8 38.9 4.0 12.6 
Jun. CH T <MRL 9.2 24.7 <MRL 9.7 
Jul. CH R <MRL 15.5 62.5 3.9 21.4 
Jul. CH T <MRL 11.8 39.1 5.1 11.8 
Mar. SP R <MRL 7.1 36.8 4.1 <MRL 
Mar. SP T <MRL 6.7 40.6 <MRL 3.5 
Jun. SP R <MRL 5.6 42.8 <MRL 5.7 
Jun. SP T <MRL 6.9 27.2 <MRL <MRL 
Jul. SP R <MRL 5.0 55.6 <MRL 11.5 
Jul. SP T <MRL 7.1 37.8 <MRL 4.4 
Mar. SJWD R <MRL 10.7 24.7 <MRL 4.2 
Mar. SJWD T <MRL 4.8 24.2 <MRL 3.5 
May SJWD R <MRL 13.4 55.8 <MRL 9.3 
May SJWD T <MRL 12 67.4 7.3 19.8 
Jul. SJWD R <MRL 9.3 33.4 <MRL 5.2 
Jul. SJWD T <MRL 8.4 26.7 <MRL 3.5 
Mar. GV R <MRL 5.6 25.9 <MRL 3.3 
Mar. GV T <MRL 6.5 24.4 <MRL 3.8 
May GV T <MRL 5.7 23.7 <MRL <MRL 
Jul. GV R <MRL 4.5 30.6 <MRL 6.4 
Jul. GV T <MRL 5.4 22.1 <MRL <MRL 
Raw waters  
(n = 13) 
Average ± standard 
deviation 
<MRL 9.4±4.0 42.3±13.9 2.0±2.8 8.4±5.7 
Treated 
waters  
(n = 14) 
Average ± standard 
deviation 
<MRL 8.1±2.7 35.0±14.5 1.5±3.1 5.9±6.0 
Overall 
(n = 27) 
Average ± standard 
deviation 
<MRL 8.7±3.4 38.5±14.4 1.7±3.5 7.1±5.9 
R: Raw water; T: Treated water. MRL: Minimum reporting level. HNM concentrations reported in the table 
were the average of the results of the duplicate samples. The individual measurements were reported in 
Table B1 and B2 in Appendix B. Zero was used in the av rage and standard deviation calculations for 
samples with HNM formation less than MRL. *Monochloramination was for 72 hrs.  
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Table 5.6 
HNM Formation Potential Test Results of Raw and Treated Drinking Waters:  
HNM Yields 
HNM/DOC (nmol/mg DOC) Collection 
Month 
Sample 
O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Feb. MB R <MRL 1.5 7.6 1.2 1.9 
Feb. MB T <MRL 2.9 12.4 <MRL 2.5 
Jul. MB R <MRL 3.0 9.1 0.7 3.1 
Jul. MB T <MRL 3.0 18.0 2.5 4.0 
Feb. CH R <MRL 2.8 9.9 0.7 3.3 
Feb. CH T <MRL 4.7 19 <MRL 4.6 
Jun. CH R <MRL 4.2 11.8 1.2 3.8 
Jun. CH T <MRL 6.6 17.6 <MRL 6.9 
Jul. CH R <MRL 3.8 15.1 0.9 5.2 
Jul. CH T <MRL 5.1 17.0 2.2 5.1 
Mar. SP R <MRL 3.9 20.4 2.3 <MRL 
Mar. SP T <MRL 5.6 33.8 <MRL 2.9 
Jun. SP R <MRL 2.5 19.5 <MRL 2.6 
Jun. SP T <MRL 5.8 22.7 <MRL <MRL 
Jul. SP R <MRL 2.8 30.9 <MRL 6.4 
Jul. SP T <MRL 5.5 29.1 <MRL 3.4 
Mar. SJWD R <MRL 6.3 14.5 <MRL 2.5 
Mar. SJWD T <MRL 3.7 18.6 <MRL 2.7 
May SJWD R <MRL 4.8 19.9 <MRL 3.3 
May SJWD T <MRL 6.3 35.5 3.8 10.4 
Jul. SJWD R <MRL 5.5 19.6 <MRL 3.1 
Jul. SJWD T <MRL 6.0 19.1 <MRL 2.5 
Mar. GV R <MRL 5.6 25.9 <MRL 3.3 
Mar. GV T <MRL 9.3 34.9 <MRL 5.4 
May GV T <MRL 9.5 39.5 <MRL <MRL 
Jul. GV R <MRL 3.8 25.5 <MRL 5.3 
Jul. GV T <MRL 6.0 24.6 <MRL <MRL 
Raw waters 
(n= 13) 
Average ± standard 
deviation 
<MRL 3.9±1.4 17.7±7.1 0.5±0.7 3.4±1.5 
Treated 
waters  
(n = 14) 
Average ± standard 
deviation 
<MRL 5.7±1.9 24.4±8.6 0.6±1.3 3.6±2.9 
Overall 
(n = 27) 
Average ± standard 
deviation 
<MRL 4.8±1.9 21.2±8.5 0.6±1.0 3.5±2.3 
R: Raw water; T: Treated water. MRL: Minimum reporting level. HNM yields reported in the table were 
the average of the results of the duplicate samples. The individual measurements were reported in Table B3 
and B4 in Appendix B. Zero was used in the average and standard deviation calculations for samples with
HNM formation less than MRL. * Monochloramination was for 72 hrs.  
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Table 5.7  
HNM Formation Potential Tests Results of NOM Fractions from Karanfil et al. (2007): HNM Molar Concentrations 
SUVA254 DOC DON DOC/DON HNM (nM) Sample 
(L/mg-m) (mg/L) (mg/L) (mg/mg) O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Myrtle Beach Raw - HPO 4.7 4.0 0.14 29 <MRL 11.1 50.2 7.3 9.1 
Myrtle Beach Raw – TPH 1.7 5.1 0.50 10 <MRL 10.9 79.5 5.0 16.7 
Spartanburg Raw – HPO 3.1 5.2 0.20 26 <MRL 17.1 38 8.8 7.9 
Spartanburg Raw – TPH 1.3 4.5 0.40 11 <MRL 12.5 88.9 5.1 18.9 
Charleston Raw – HPO 4.4 4.0 0.12 33 <MRL 16.7 67.5 5.5 5.7 
Charleston Raw – TPH 1.6 4.5 0.30 15 <MRL 15.6 25.9 4.7 11.6 
Charleston Treated – HPO 2.7 4.5 0.12 38 <MRL 8.0 29.3 4.6 5.2 
Charleston Treated – TPH 1.6 4.5 0.30 15 <MRL 9.5 61.5 4.2 12.2 
HPO fractions (n = 4) Average ± standard deviation <MRL 13.2±4.3 46.3±16.6 6.6±1.9 7.0±1.8 
TPH fractions (n = 4) Average ± standard deviation <MRL 12.1±2.6 64.0±27.8 4.8±0.4 14.9±3.5 
Overall (n =8) Average ± standard deviation <MRL 12.7±3.4 55.1±23.2 5.7±1.6 10.9±5.0 
HPO: Hydrophobic fraction; TPH: Transphilic fraction. HNM concentrations reported in the table were th average of the results of the duplicate 




Table 5.8  
HNM Formation Potential Test Results of NOM Fractions from Karanfil et al. (2007): HNM Yields 
SUVA254 DOC DON DOC/DON HNM/DOC (nmol/mg DOC) Sample 
(L/mg-m) (mg/L) (mg/L) (mg/mg) O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Myrtle Beach Raw - HPO 4.7 4.0 0.14 29 <MRL 2.8 12.6 1.8 2.3 
Myrtle Beach Raw – TPH 1.7 5.1 0.50 10 <MRL 2.1 15.6 1.0 3.3 
Spartanburg Raw – HPO 3.1 5.2 0.20 26 <MRL 3.3 7.3 1.7 1.5 
Spartanburg Raw – TPH 1.3 4.5 0.40 11 <MRL 2.8 19.8 1.1 4.2 
Charleston Raw – HPO 4.4 4.0 0.12 33 <MRL 4.2 16.9 1.4 1.4 
Charleston Raw – TPH 1.6 4.5 0.30 15 <MRL 3.5 5.8 1.0 2.5 
Charleston Treated – HPO 2.7 4.5 0.12 38 <MRL 1.8 6.5 1.0 1.2 
Charleston Treated – TPH 1.6 4.5 0.30 15 <MRL 2.1 13.7 0.9 2.7 
HPO fractions (n = 4) Average ± standard deviation <MRL 3.0±1.0 10.8±4.9 1.5±0.4 1.6±0.5 
TPH fractions (n = 4) Average ± standard deviation <MRL 2.6±0.7 13.7±5.9 1.0±0.1 3.2±0.7 
Overall (n = 8) Average ± standard deviation <MRL 2.8±0.8 12.3±5.2 1.2±0.4 2.4±1.0 
HPO: Hydrophobic fraction; TPH: Transphilic fraction. HNM yields reported in the table were the averag of the results of the duplicate samples. The 













































































































































Figure 5.2 HNM yields on a DOC basis during different oxidation processes of all the 
water samples, HPO and TPH frations. (A) raw waters (n = 13), (B) treated waters (n = 
14), (C) HPO fractions (n = 4), and (D) TPH fractions (n = 4). (Top and bottom of the 
box are 75th and 25th percentiles, respectively. Top and bottom of the whiskers are 90th 
and 10th percentiles, respectively. Line in the box shows the median (50th percentile), 
while the diamond and asterisk are to show the average and outlier, respectively.) 
















































































































Figure 5.3 HNM formation potential of Myrtle Beach (Feb. 07) raw (A) and treated (B) 
water during different disinfection conditions. NH2Cl (24): monochloramination for 24 



























































Figure 5.4 HNM formation potential of Spartanburg (Jul. 07) raw (A) and treated (B) 
water during different disinfection conditions. NH2Cl (24): monochloramination for 24 
hrs. NH2Cl (72): monochloramination for 72 hrs. 























































 Conventional treatment processes did not reduce HNM yields of the water samples. 
The reduction in HNM molar concentrations are plotted as a function of percent DOC 
and DON removal by the conventional water treatment processes for 13 sets of raw and 
treated waters and 6 sets of water couples that the measured DON values were above the 
MRL, respectively (Figure 5.5). In both plots, the reduction in HNM molar concentration 
showed very weak correlation with DOC or DON removal, indicating that DOC or DON 
removal alone is not an appropriate descriptor to predict the reduction in HNM formation 
potential. The fact that the majority of the data located below the 1:1 line may be viewed 
as an indication of the importance of hydrophilic NOM components in HNM formation 
since DOC removal as a result of conventional treatm nt is mainly due to preferential 
removal of HPO and TPH fractions (Kim and Yu, 2005). 
 This is also reflected in the box-and-whisker plots in Figures 5.2, especially for 
ozonation-chlorination and chlorination. As a result, the average HNM yield of each 
oxidation process was higher for all the treated waters than the raw water samples. These 
results indicated that the major precursors with higher reactivity toward HNM formation 
were not greatly removed during conventional treatment.  
The FP tests with the individual NOM fractions that were available from a previous 
project showed similar reactivity patterns with theoxidants tested as compared to the raw 
or treated waters. TPH fractions produced slightly more HNMs than HPO fractions under 
ozonation-chlorination condition, but there was little difference in the HNM yields for 
other oxidation conditions. The HNM yields of NOM fractions (HPO and TPH) were 

































































Figure 5.5 Percent reduction in HNM formation as a function of percent DOC or DON 
removals. 
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ozonation-chlorination (Figure 5.2). It implies that those NOM fractions may contribute 
to HNM formation to some extent; however, there aremuch more reactive HNM 
precursors in natural waters than HPO and TPH fractions. Since the HPO and TPH 
fractions are the main NOM components that are preferentially removed during 
conventional treatment (Kim and Yu, 2005), if they were the major HNM precursors, the 
treated waters would exhibit lower HNM yields as compared to the raw water samples; 
however, the opposite was observed in this study, indicating the HPI fraction remaining 
in water after conventional treatment likely constitute the main precursors of HNMs. 
In order to verify the hypothesis that HPI fraction is more reactive precursor of 
HNMs, additional FP tests were performed with mixed (TPH+HPI) and HPI fractions of 
Myrtle Beach and Charleston raw waters. Table 5.9 presents the HNM molar 
concentrations and yields of CH and MB raw waters, TPH+HPI fractions, and HPI 
fractions obtained from chlorination and ozonation-chlorination formation potential tests. 
For chlorination, the results showed that although HNM formation was relatively small, 
the yields of HNMs were in the order of HPI > TPH+HPI > raw water. In addition, 
substantially higher formation of HNMs was observed for the fractions of both waters 
when treated with ozonation-chlorination for which the differences in the yields were 
more significant. The same trend of HNM yields was observed with the HPI fractions 
being more reactive than the TPH fractions. For CH water, there was approximately 3 
and 5 times increase in HNM yields for the TPH+HPI and HPI fractions, respectively, 
compared to the raw waters. For MB water, the increase in HNM yields was about 3 and 
5 times for TPH+HPI and HPI fractions as well, respectively. These findings agree with 
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the hypothesis that the likely HNM precursors are some organic compounds with low-
molecular weight and hydrophilic characteristics that tend to persist during water 
treatment processes. The importance of such precursors in HNM formation contrasts to 
their less significant role in the formation of THMs and HAAs, in which case 
hydrophobic moieties are presumed to be more important precursors (Reckhow et al., 
1990; Korshin et al., 1997; Kitis et al., 2002).  It was also noted that HNM concentrations 
for the fractions during ozonation-chlorination were higher than for the raw waters. This 
may be due to the competitive reactions to form other DBPs instead of HNMs from the 
reactions between the organic components in the raw w ters after ozonation and chlorine.   
  
Table 5.9  








CH raw 4.14 3.6 17.2 4.2 
CH TPH+HPI 2.02 1.6 12.5 6.2 
CH HPI 1.22 1.2 12.9 10.5 
MB raw 5.60 4.0 18.2 3.3 
MB TPH+HPI 2.52 2.0 16.2 6.4 
chlorination 
MB HPI 1.44 1.4 14.1 9.8 
CH raw 4.14 3.6 61.7 14.8 
CH TPH+HPI 2.02 1.6 91.3 43.5 
CH HPI 1.22 1.2 90.7 69.9 
MB raw 5.60 4.0 56.5 10.1 
MB TPH+HPI 2.52 2.0 84.6 33.6 
ozonation-
chlorination 
MB HPI 1.44 1.4 70.6 48.9 
Charleston and Myrtle Beach raw waters were collected in November 2007. TPH +HPI: the mixed fraction 
of transphilic and hydrophilic fractions; HPI: hydrophilic fraction. HNM concentrations and yields reported 
in the table were the average of the results of the duplicate samples. The individual measurements were 
reported in Table B7 in Appendix B. 
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Simple Regression Analyses of HNM Formation 
In order to gain some insight to the potential HNM precursors in natural waters, at the 
first step, simple regression analysis was used to build a model to describe the 
relationship of HNM concentrations or yields (y) toa single water characteristic 
parameter (x) such as DOC, DON, DOC/DON ratios, DON/DOC ratios and SUVA254 .  
The simple regression models considered were of the forms: y = β0x β1 + ε (Figure 5.6 (A) 
and (B)), y = β0 + β1lnx + ε (Figure 5.6 (C)), y = β0 + β1x + ε (Figures 5.7 and 5.9), and y 
= β0eβ1x + ε (Figures 5.8 and 5.10), where x indicated the water charatersistic parameter 
being considered and ε stands for random error. The simple regression analysis was 
performed for the three disinfection conditions (i.e., ozonation-chlorination, chlorination, 
and ozonation-chloramination (72hr)) which showed the highest HNM yields. For the 
simple regression analysis involving DON, only the results of the experiments with DON 
> MRL were used. For each case, several simple regression models were considered, but 
only the model yielding the highest coefficient of determination (R2) was used to describe 
the relationship. All calculations for this step of the analysis were performed using 
EXCEL.  
DOC. HNM concentrations showed an increasing relationship with increasing DOC 
concentrations of raw and treated waters for all three disinfection conditions (Figure 5.6). 
The results of NOM fractions (HPO and TPH) exhibited a wide range of variability in 
HNM formation at almost the same DOC concentration used in the formation potential 
experiments  and no significant relationship was oberved from NOM fractions (Figure 











































Figure 5.6 HNM concentrations as a function of DOC concentration during ozonation- 


























These observations suggested that DOC concentration is not the only factor controlling 
the HNM formation, and the characteristics of organic precursors are also important. 
DON. As shown in figure 5.7, HNM concentrations showed a positive relationship with 
DON concentrations in raw and treated waters.  There was also no consistent relationship 
for the NOM fractions (HPO and TPH), except the process ozonation followed by 
chloramination suggested an increasing HNM formation with DON concentration (Figure 
B2 in Appendix B). These observations implied that both the type and the concentrations 
of organic precursors (e.g., C/N ratio, the structure of (nitrogenous) organic compounds) 
are important for HNM formation. 
DOC/DON. The HNM yields (i.e., HNM/DOC) were also plotted against the DOC/DON 
ratios of the samples (Figure 5.8). These figures show the HNM yields as a function of 
the dissolved organic nitrogen content per dissolved organic carbon content in the water, 
and they lead to some important observations. For raw and treated waters, HNM yields 
increased with decreasing DOC/DON ratios (i.e., increasing nitrogen content per organic 
carbon in water). NOM fractions (HPO and TPH) exhibited two distinct behaviors as 
compared to the raw and treated waters, (1) they showed lower average HNM yields as 
compared to raw and treated waters for all the three oxidation strategies analyzed; (2) 
there was no consistent pattern between the HNM yields and DOC/DON ratios (Figure 
B3 in Appendix B). This observation was in agreement with some other studies that 
showed that no correlation between TCNM yields and DOC/DON ratios for several 
NOM fractions during formation potential tests with c lorination and chloramination 
(Lee et al., 2007; Yang et al., 2008). Since Lee et al. (2007) mainly investigated HPO and 
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Figure 5.7 HNM concentrations as a function of DON concentration during ozonation- 
chlorination (A), chlorination (B) and ozonation-chloramination (C) of raw and treated 




































































































Figure 5.8 HNM yields as a function of DOC/DON ratio during ozonation-chlorination 





TPH fractions and had one HPI fraction in their experimental matrix, their results are 
comparable with the HPO and TPH fraction results obtained in this study. They also 
reported that the TCNM yields averaged 2 nmol/mg DOC during chlorination and 
chloramination. In my study, the HNM yields of HPO and TPH fractions were 2.8 and 
1.2 nmol/mg DOC for chlorination and chloramination, respectively (Table 5.8). These 
results clearly indicate that HPO and TPH fractions make some contributions to HNM 
formation but they are not the main precursors of HNMs. Instead, the nitrogenous organic 
compounds  in the most hydrophilic DOM fraction (i.e., HPI) pool with low DOC/DON 
ratios that are not removed by conventional treatmen  processes are likely responsible for 
the HNM formation.  
DON/DOC. The HNM yields (i.e., HNM/DOC) were also plotted against the DON/DOC 
ratios of the samples (Figure 5.9), where linear relationships were observed for 
disinfection scenarios of ozonation-chlorination and chlorination. The results showed that 
HNM yields were increased with the DON concentration per organic carbon in water 
samples, which were consistent with what we observed above. However, no clear trend 
between HNM yields and DON/DOC during chlorination-chloramination is observed (as 
shown in Figure 5.9 (C), very small coefficient of determination R2). Agree with the 
discussion above, HNM yields from NOM fractions showed very weak regression of the 
ratios of DON/DOC except ozonation-chloramination (Figure B4 in Appendix B). It 
appears that DON/DOC ratio could be an operationally useful parameter to predict the 
presence of HNM precursors in the source waters.  
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SUVA254. The relationship between HNM yields and SUVA254 indicated an increase in 
the HNM formation with decreasing SUVA254 values for the water samples during 
ozonation-chlorination (Figure 5.10). This is consistent with the previous discussions that 
hydrophilic DOM fractions and some nitrogenous compunds with similar structure as 
amino acid or amino sugar may be the major type of HNM precursors because these 
compounds have low SUVA254 values. But for the water samples during chlorination and 
chlorination-chloramination, no clear trend can be observed. The trend between HNM 
yields and SUVA254 from NOM fractions were also not clear (Figure B5 in Appendix B). 
As seen in the examples above, except for the waters during ozonation-chlorination, 
the obtained coefficient of determination (R2) values in the simple regression study are 
relatively small in most cases for the waters during chlorination and chlorination-
chloramination. Therefore, simple regression study of the HNM formation as a function 
of one single water characteristic parameter is not accurate enough to gain the model to 
predict HNM formation. Therefore, multiple regression analysis investigating the 
relationship between HNM concentrations or yields and combination of several typical 
water characteristic parameters, such as UV254, DOC, DON, Br
-, NO2
- and NO3
-, has been 
conducted via SAS models and discussed in the following section. Additionally, 
correlations between these water characteristics were presented in Figures B6 to B9 in 


































































Figure 5.9 HNM yields as a function of DON/DOC ratio during ozonation-chlorination 
(A), chlorination (B) and chlorination-chloramination (C) of raw and treated waters.  



































































































































Figure 5.10 HNM yields as a function of SUVA254 during during ozonation-chlorination 





Multiple Regression Analyses of HNM Formation 
Multiple regression analysis is one of the most extensively used methodologies for 
investigating relations between a response (Y) and a set of predictor variables (X’s). In 
this study multiple regression analysis was used to escribe the relationship between 
HNM concentrations (nM) or yields (nmol/mg DOC) (denoted Y) and several typical 




DON/DOC and SUVA254; denoted as X’s) (Tables 5.10 and 5.11).  
HNM concentrations or yields (Y) were the individual results of duplicate samples 
instead of average concentrations or yields of 54 measurements from 27 water samples. 
These water characteristics were the major parameters related to HNM precursors, 
species and formation. The form of the linear multiple regression model for HNM 
concentrations was set as: Y (HNM concentrations) = β0 + β1X1 + β2X2 + β3 X3 + β4X4 + 
β5X5 + β6X6 + ε, where X1=DOC, X2=DON, X3 = UV254, X4 = Br-, X5 = NO2-, X6 = NO3- 
and ε is random error. The model for HNM yields during ozonation-chlorination was 
nonlinear for combined raw and treated waters, when X was DOC/DON; While, linear 
regression models were chosen for HNM yields when X were DON/DOC or DON/DOC 
and SUVA254. 
As shown in Table 5.10, NO2
- concentrations for all the waters were below MRL, so 
were the DON concentrations in some water sources. But these samples were still used 
for the multiple regression analysis. The data in Table 5.10 were split into four groups, in 
terms of the DON levels (reliable DON (> MRL) and unreliable DON (< MRL)) and 




Selected Characteristics of the Water Samples Used in Regression 
Analysis for Four Groups 






(cm-1) (mg/L) (mg/L) (µg/L) (µg/L) (µg/L) 
Feb. MB R 0.40 8.7 0.21 14 5 111 
Jul. MB R 0.30 7.5 0.38 49 ~0 335 
Feb. CH R 0.20 5.5 0.18 54 6 342 
Jun. CH R 0.20 3.3 0.18 37 ~0 826 
Jul. CH R 0.10 4.1 0.19 44 ~0 599 
Jun. SP R 0.04 2.2 0.19 <MRL 5 537 
Jul. SP R 0.04 1.8 0.18 15 12 305 
May SJWD R 0.05 2.8 0.45 14 6 680 
        
Mar. SP R 0.06 1.8 ~0.00* 13 6 1082 
Mar. SJWD R 0.06 1.7 0.01* 14 13 1610 
Jul. SJWD R 0.05 1.7 0.05* 21 15 309 
Mar. GV R 0.02 1.0 ~0.00* <MRL 5 209 
Jul. GV R 0.02 1.2 0.06* 13 ~0 77 
        
Feb. MB T 0.08 4.0 0.14 31 7 101 
Jul. MB T 0.07 3.5 0.22 53 ~0 295 
Feb. CH T 0.05 2.7 0.10 59 11 335 
Jul. CH T 0.05 2.3 0.13 45 10 400 
Jun. SP T 0.01 1.2 0.13 <MRL 3 402 
May SJWD T 0.03 1.9 0.27 13 7 647 
Jul. SJWD T 0.03 1.4 0.15 20 18 1153 
May GV T 0.01 0.6 0.13 <MRL ~0 56 
        
Jun. CH T 0.04 1.4 0.02* 39 ~0 787 
Mar. SP T 0.01 1.2 ~0.00* 13 5 1098 
Jul. SP T 0.01 1.3 0.08* <MRL ~0 57 
Mar. SJWD T 0.02 1.3 0.05* 16 12 1526 
Mar. GV T 0.01 0.7 ~0.00* <MRL 6 154 
Jul. GV T 0.01 0.9 0.08* 12 ~0 57 
R: Raw water; T: Treated water. MRL: Minimum reporting level. *DON concentrations 
are below MRL. ** NO2
- concentrations are below MRL.  
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Table 5.10 (Continued) 
Selected Characteristics of the Water Samples Used in Regression  
Analysis for Four Groups 
DOC/DON DON/DOC SUVA254 Collection 
Date 
Sample 
(mg/mg) (mg/mg) (L/mg-m) 
Feb. MB R 41 0.02 4.4 
Jul. MB R 20 0.05 4.0 
Feb. CH R 31 0.03 4.0 
Jun. CH R 18 0.05 4.5 
Jul. CH R 22 0.05 3.6 
Jun. SP R 12 0.09 1.8 
Jul. SP R 10 0.10 2.0 
May SJWD R 6 0.16 1.8 
     
Mar. SP R N/C N/C 2.8 
Mar. SJWD R N/C N/C 1.9 
Jul. SJWD R N/C N/C 3.5 
Mar. GV R N/C N/C 3.4 
Jul. GV R N/C N/C 1.6 
     
Feb. MB T 29 0.04 2.0 
Jul. MB T 16 0.06 2.0 
Feb. CH T 27 0.04 2.0 
Jul. CH T 18 0.06 2.0 
Jun. SP T 9 0.14 1.4 
May SJWD T 7 0.10 2.1 
Jul. SJWD T 9 0.22 1.8 
May GV T 5 0.11 0.9 
     
Jun. CH T N/C N/C 2.9 
Mar. SP T N/C N/C 1.7 
Jul. SP T N/C N/C 1.4 
Mar. SJWD T N/C N/C 1.1 
Mar. GV T N/C N/C 1.3 
Jul. GV T N/C N/C 0.9 
R: Raw water; T: Treated water. NC: Not calculated. 
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DON concentrations, and treated waters with reliable or unreliable DON concentrations. 
To choose the best subset of the water characteristic parameters (the X’s) to be 
included in the model, stepwise selection methods were used. The model with the highest 
R2 value and each included X making a significant contribution to the model was chosen 
as the best description of the relationship. All calcul tions were performed with SAS 
regression program.  
In this section, firstly multiple linear regression models of HNM concentrations will 
be discussed for combined raw and treated waters during ozonation-chlorination and 
chlorination, respectively. Multiple regression analyses were also conducted for raw and 
treated waters separately, and the details were present d in Multiple Regression Analyses 
in Appendix B. Secondly, the models for HNM yields as function of DOC/DON for raw, 
treated and combined raw and treated waters during ozonation-chlorination will be 
discussed, respectively. For comparison, DON/DOC was also used as variable X to 
examine HNM yields. Additionally, for combined raw and treated waters, multiple linear 
regression of HNM yields was also investigated as function of DON/DOC and SUVA254.  
HNM Concentrations during Ozonation-Chlorination 
Raw and treated waters. For both raw and treated waters with DON concentrations 
higher than MRL, during ozonation-chlorination, the best regression of HNM 
concentrations as function of DON, DOC, UV254, NO3
-, NO2
-, Br- was modeled as follow: 
 HNM (nM) = 19.53 + 50.10 DON + 10.06 DOC - 133.02 UV254 (5-1) 
with each term being significant at the 0.05 level (Appendix Table B8) and the model R2
= 0.67 (adjusted R2 = 0.63, n = 32). It indicated that HNM concentration was positively 
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related to DOC and DON concentrations and negatively correlated to UV absorbance, 
which means higher DOC and DON with lower UV254 values of the water samples will 
form more HNMs. Therefore, high DOC, DON concentrations and low UV254 water will 
produce more HNM yields than low DOC, DON concentrations and high UV254 water, 
which is consistent with the discussion in the simple regression analysis section. It further 
confirms that hydrophilic NOM components constituting low SUVA254 components in 
water samples also are the major HNM precursors in natural water. No relationship was 
found between HNM concentrations and DON, DOC, UV254, NO3
-, NO2
-, Br- for the raw 
and treated waters with low DON (<MRL) data. One should note the model (equation 5-1) 
was built to predict HNM concentrations for both raw and treated waters during 
ozonation-chlorination. Multiple regression analyses were also conducted for raw and 
treated waters separately. The details were presentd i  Multiple Regression Analyses in 
Appendix B.   
HNM Concentrations during Chlorination 
 Raw and treated waters. The same multiple regression analyses for raw and treated 
waters with ozonation-chlorination were applied to raw and treated waters with 
chlorination. The results showed that for the 16 raw and treated waters with DON > MRL, 




 HNM (nM) = 1.76 + 18.93 DON + 0.79 DOC + 0.11 Br-  (5-2) 
with each term being significant at the 0.05 level (Appendix Table B8) and the model R2
= 0.80 (adjusted R2 = 0.78, n = 32) . It indicated that HNM concentrations during 
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chlorination was mainly related to the level of DON, DOC and Br
-. It can be concluded 
that higher DON, DOC and Br- levels would form more HNMs. No relationship was 
found between HNM concentrations and DON, DOC, UV254, NO3
-, NO2
-, Br- for the raw 
and treated waters with low DON (<MRL) data. Multiple regression analyses were also 
conducted for raw and treated waters separately. The details were presented in Multiple 
Regression Analyses in Appendix B.   
HNM Yields during Ozonation-Chlorination 
As we know from the simple regression analysis, HNM yields vs. DOC/DON and 
DON/DOC were the two best models of the relationship during ozonation-chlorination. 
Therefore, the multiple regressions of HNM yields vs. DOC/DON and DON/DOC were 
also studied with SAS program, respectively.  
Raw waters. For the raw waters with reliable DON values, the relationship of HNM 
yields and DOC/DON during ozonation-chlorination was modeled as: 
 HNM yields (nmol/mg DOC) = 25.58 - 0.50 (DOC/DON)  (5-3) 
with each term being significant at the 0.05 level (Appendix Table B8) and the model R2
= 0.58 (Adjusted R2 = 0.55, n = 16) (Figure 5.11 (A)). A negative relationship between 
HNM yields and DOC/DON was observed, where HNM formation was increased with 
decreasing DOC/DON. This trend is consistent with the discussion in the simple 
regression analysis that HNM formation is related to both DOC and DON, and increases 
with the decrease of DOC and increase of DON. In addition, a nonlinear model was also 
analyzed. Though R2 was increased to 0.63, the term DOC/DON in the model did not 
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show significant contribution. Therefore, the linear regression was chosen to represent 
HNM yields as a function of DOC/DON.  
Treated waters. As for the treated waters with reliable DON, the relationship of HNM 
formation and DOC/DON was found to be: 
HNM yields (nmol/mg DOC) = 54.32 - 3.83 (DOC/DON) + 0.088 (DOC/DON)2 (5-4) 
with each term also being significant at the 0.05 leve  (Appendix Table B8) and the 
model R2 = 0.83 (n = 16) (Figure 5.11 (B)). Therefore, the relationship between HNM 
yields and DOC/DON appeared to be nonlinear. Higher R2 value indicates this fit for 
treated waters is more accurate than the linear fit for raw waters. The result shows that 
when DOC/DON values are less than 43.52, HNM yields are determined by the term of -
3.83 (DOC/DON). So higher HNM yields will be observd with lower DOC/DON value, 
which agrees with the result from simple regression analysis for our water samples. When 
DOC/DON is increased significantly and greater than 43.52, where DOC will be much 
higher than the DON, then HNM yields will be dominated by the term of 0.088 
(DOC/DON)2. Linear regression analysis was also performed, ened with R2 = 0.59. 
Therefore, for treated waters, nonlinear relationship was chosen to represent HNM yields 
as a function of DOC/DON.  
Raw and treated waters. For both raw and treated waters with reliable DON values, 
nonlinear regression was chosen as the model to describ  HNM yields as function of 
DOC/DON. The model was as follow: 
HNM yields (nmol/mg DOC) = 39.46 – 1.73 (DOC/DON) + 0.025 (DOC/DON)2 (5-5) 
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Figure 5.11 Regressions of HNM yields as a function of DOC/DON for ozonation-




with each term also being significant at the 0.05 leve  (Appendix Table B8) and the 
model R2 = 0.66 (n = 32) (Figure 5.12 (A)). Similar to treat d water (equation 5-4), 
critical point of DOC/DON ratio of 69.2 exists in this model. The result shows that when 
DOC/DON values are less than 69.2, HNM yields are determined by the term of -1.73 
(DOC/DON).  
 The same analyses discussed above for HNM yields vs. DOC/DON were also 
performed for HNM yields vs. DON/DOC. Linear regressions were found to be the best 
description for HNM yields.  
Raw waters. For raw waters with reliable DON concentrations,  
 HNM yields (nmol/mg DOC) = 7.19 + 119.54 (DON/DOC)  (5-6) 
with each term also being significant at the 0.05 leve  (Appendix Table B8) and the 
model R2 = 0.49 (adjusted R2 = 0.45).  
Treated waters. For treated waters,  
 HNM yields (nmol/mg DOC) = 8.83 + 148.67 (DON/DOC)  (5-7) 
with each term being significant at the 0.05 level (Appendix Table B8) and the model R2
= 0.85 (adjusted R2 = 0.84).  
Raw and treated waters. The regression model for both raw and treated waters:  
 HNM yields (nmol/mg DOC) = 7.18 + 146.44 (DON/DOC)  (5-8) 
with each term also being significant at the 0.05 leve  (Appendix Table B8) and the 
model R2 = 0.69 (adjusted R2 = 0.68) ( (Figure 5.12 (B)). The results are in cosistence 
with the results from simple regression analysis. HNM yields were increased with the 
DON concentration per dissolved organic carbon in waters.  
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Figure 5.12 Regressions of HNM yields as a function of DOC/DON (A) and DON/DOC 




It was observed from equation (5-1) during ozonation-chlorination, HNM concentrations 
(nM) was positively related to DOC and DON concentrations and negatively correlated to 
UV absorbance. Therefore, multiple regression analysis was also conducted to predict 
HNM yields (nmol/mg DOC) with DON/DOC and SUVA254 values of combined raw and 
treated waters. The regression model was as following: 
HNM yields (nmol/mg DOC) = 15.86 + 114.38(DON/DOC) - 2.41SUVA254     (5-9) 
with each term also being significant at the 0.05 leve  (Appendix Table B8) and the 
model R2 = 0.75 (adjusted R2 = 0.74). It appears this is a simple way to predict the HNM 
yields by measuring the ratio of DON/DOC and SUVA254 of a particular water sample 
during ozonation-chlorination. Figure 5.13 shows the relationship between the measured 
and predicted HNM yields from raw and treated waters, which were obtained from 
equation (5-9). The fact that all the data are around 1:1 line indicates the measured and 
predicted HNM yields are very close. It further confirms that model (5-9) can be applied 


























Figure 5.13 Relationship of measured and predicted HNM yields from model (5-9) 
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The formation of HNMs in drinking waters with different organic matter 
characteristics in the presence of typical drinking water oxidants was examined. The 
results demonstrated that HNM molar yields were the highest for ozonation-chlorination, 
followed by chlorination, ozonation-chloramination, and chloramination. Ozonation-
chlorination significantly enhanced HNM formation, while chloramination, alone or after 
ozonation, produced the least amount of HNMs. Higher HNM yields were observed in 
the treated water than the raw water from the same treatment plant, which indicate that 
the conventional treatment processes do not remove the majority of HNM precursors. In 
addition, HNM yields of HPO and TPH fractions were lower than those of raw and 
treated waters, indicating HPO and TPH fractions are not the main precursors of HNMs. 
Additional formation potential tests with mixed (TPH+HPI) and HPI fractions further 
confirmed that HNM precursors consist of some hydrophilic organic matter with low 
molecular weight that tend to persist during conventional water treatment processes. 
DOC or DON alone showed very weak regressions with HNM formation in different 
water sources, while DON/DOC ratios (i.e., increasing nitrogen content per organic 
carbon in water) along with SUVA254 yielded the best regression with HNM yields 
during ozonation-chlorination. It could be a simple way to predict the HNM yields by 




HALONITROMETHANE FORMATION AND DISTRIBUTION IN DRINKING 
WATER: THE EFFECTS OF DISINFECTANT, pH, BROMIDE, AND NITRITE 
 
Introduction and Objective 
HNMs have received special attention in recent years because of their potential high 
toxicity and the level of occurrence in finished waters at some treatment facilities 
(Weinberg et al., 2002; Krasner et al., 2006). The toxicology studies on emerging DBPs 
conducted in recent years showed HNMs are one of the most cytotoxic and genotoxic 
classes among the emerging DBPs. HNMs are 1.3-82.6 times more toxic to mammalian 
cells than HAAs for a given concentration (Plewa et al., 2004, 2008). Therefore, from a 
toxicological perspective, the adverse effects of HNMs can be more severe than the 
regulated THMs and HAAs even though they are present at low levels in finished 
drinking waters. Furthermore, it was reported that brominated HNMs were found to be 
more toxic than their chlorinated analogs, with dibromonitromethane being the most 
cyto- and genotoxic (Plewa et al., 2004).  
The presence of HNMs in drinking water was first reported when TCNM with 
concentration of 2 to 6 µg/L was identified in an ozone-treated water (Hoigné a d Bader, 
1988). Bromine substituted trihalogenated HNMs (THNMs) were reported in bench-scale 
chlorination studies with mass spectrometric identification (Thibaud et al., 1988). TBNM 
(bromopicrin) was later detected in pilot-plant studies after ozone treatment (Krasner et 
al., 1991). In later studies, other HNM species (including brominated HNMs and mono- 
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or dihalogenated HNMs (DHNMs)) were identified by gas chromatography/mass 
spectrometry in waters treated with ozone-chlorine a d chlorine alone (Krasner et al., 
2006; Krasner et al., 1991; Richardson et al., 1999ab; Plewa et al., 2004). 
In ICR in the late 1990s, utilities only looked for TCNM, and TCNM concentration 
was typically higher in surface waters than in ground waters. All nine species were 
measured at full-scale plants in the USEPA’s nationw de DBP occurrence study (USEPA, 
2002; Krasner et al., 2006). The occurrence of TCNM (90th percentile = 0.7 µg/L) in that 
study was similar to that of the surface water plants i  the ICR (90th percentile = 1.0 
µg/L). On a 75th percentile basis, the formation of the other HNMs was low (75th 
percentiles of DHNMs and THNMs were 0.4 and 2 µg/L, respectively). However, the 
90th percentile and maximum occurrence levels were more appreciable (maximums of 
DHNMs and THNMs were <4 and 8 µg/L, respectively) (Mitch et al., 2008). 
Despite our awareness of the potential health hazards of HNMs, previous 
investigations mainly focused on TCNM. However, our understanding of formation 
patterns for other regulated DBPs suggest that there may be diverse formation patterns of 
different HNM species and that focusing on TCNM is likely to grossly underestimate the 
overall formation and distribution of HNMs in drinki g waters. For example, 
dihalogenated acetic acids (DXAA) and trihalogenated acetic acids (TXAA) have 
different formation pathways and precursors (Hong et al., 2007). While formation of 
DXAA is observed during chloramination, TXAA formation is almost completely 
suppressed. On the other hand, formation of DXAA remains independent of pH during 
chlorination at the typical pH range of water treatment, whereas formation of TXAA 
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decreases with increasing pH. As the formation of TXAA does not account for the overall 
formation of total HAAs in water, the TCNM alone does not likely address the overall 
formation of HNMs. Furthermore, understanding the distribution of HNMs under typical 
drinking water treatment conditions, especially in the presence of bromide, has important 
implications, because recent research indicates a significant difference in the potential 
health effects of individual HNM species (Plewa et al., 2004; Kundu et al., 2004). 
In this study, the main objectives were to investigate the formation and distribution of 
HNMs under typical drinking water treatment conditions, to compare the formation 
characteristics of HNMs with those of regulated THMs, and to examine the effects of pH 
and bromide and nitrite concentrations on the formation of different HNM products. 
HNM formation was examined using uniform formation conditions (UFC) protocol for 
four disinfection conditions: chlorination, ozonation-chlorination, chloramination, and 
ozonation-chloramination (Summers et al., 1996; Singer et al., 2002). HNM formation 
was also measured with ozonation alone. Unlike most of the previous HNM research, all 
nine HNM compounds were analyzed and their formation was reported.  
 
Approach 
The UFC protocol originally developed for chlorination (Summers et al., 1996) was 
used with minor modifications, as described in Chapter 4. The tests were performed for 
chlorination and ozonation-chlorination for raw and treated waters at two pH conditions 
(6 and 8). Chloramination and ozonation-chloramination ests were performed only with 
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the raw water at pH 6 and 8. The experimental matrix performed using both Charleston 
raw and treated waters was shown in Table 6.1. 
Table 6.1 
HNM Uniform Formation Condition Experiment Matrix 
    O3 Cl2 NH2Cl O3-Cl2 O3-NH2Cl 
pH 6 √ √ √ √ √ Ambient 
pH 8 √ √ √ √ √ 
pH 6 √ √ √ √ √ 50 
pH 8 √ √ √ √ √ 




pH 8 √ √ √ √ √ 
        
pH 6 √ √ √ √ √ 
Ambient 
pH 8 √ √ √ √ √ 







pH 8 √ √ √ √ √ 
         
pH 6 √ √  √  Ambient 
pH 8 √ √  √  
pH 6 √ √  √  50 
pH 8 √ √  √  




pH 8 √ √  √  
        
pH 6 √ √  √  
Ambient 
pH 8 √ √  √  







pH 8 √ √  √  
√: Performed experiments. *Nitrite concentrations of raw and treated waters were at 
ambient concentration (< MRL); **Bromide concentrations of raw and treated waters 
were at ambient concentrations (64 µg/L and 72 µg/L, respectively).  
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Materials and Methods 
One batch of Charleston (CH) raw (i.e., from the influent to the Hanahan water 
treatment plant) and one batch of Charleston treated water (i.e., after conventional 
treatment processes prior to any disinfectant addition) were collected at the same time 
and used for the experiments. Samples were filtered with pre-washed 0.2 µm Supor® 
membrane filters immediately after arrival at the laboratory and stored in the refrigerator 
(4 °C) until the experiments were performed.  
The water samples were buffered by addition of 4 mMsodium bicarbonate and the 
pH was further adjusted with HCl or NaOH (1M) solutions. The fresh chlorine and 
monochloramine stocks were prepared daily as described in Chapter 4. Before conducting 
UFC tests, preliminary demand tests were conducted for each sample to determine the 
doses of NH2Cl and Cl2 that would provide a total chlorine residual of about 2.0 mg/L for 
chloramination and a free chlorine residual of 1.0 mg/L for chlorination after one day of 
contact time. The concentrations of the free chlorine and monochloramine were measured 
with Standard Method 4500-Cl F (DPD Ferrous Titrimetric Method) (APHA, 1998). 
Each reactor (65 mL) initially received a stir bar and was completely filled with the test 
water. Then, a pre-calculated volume of the water was removed from each reactor, with 
the volume removed being equal to the volume of the ozone stock solution to be added 
for ozonation. For the reactors involving only chlorination or chloramination, the 
removed volume was filled with deionized distilled water (DDW) to yield the same 
dissolved organic carbon (DOC) concentration as in the ozonated reactors. The details of 
ozone generation can be found in Chapter 4.  Ozone dos  was equal to DOC of the 
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samples (i.e., 1:1 mass ratio) because this is a typical ratio used in ozonation during water 
treatment. After the application of ozone, the reactors were mixed for 5 min prior to the 
addition of chlorine or chloramine. Ozone concentrations were measured after 5 min 
contact time to assure that there was ozone residual and ozone was not a limiting factor 
during the pre-oxidation period. The bottles were incubated in a water bath (22 ºC) and 
the reactions were allowed to occur for 24 hr. For each disinfection scenario, duplicate 
reactors were prepared. The details of analytical methods for HNMs and other water 
quality parameters were described in Chapter 4.  
 
Results and Discussion 
Water Characteristics 
The selected characteristics of CH raw and treated waters are provided in Table 6.2. 
Raw water had DOC of 4.1 mg/L and SUVA254 of 3.9 L/mg-m. The treated water had 
DOC of 2.2 mg/L and SUVA254 of 1.9 L/mg-m. The DON value was 0.17 mg-N/L for 
both raw and treated waters. Bromide concentrations were 64 and 72 µg/L for the raw 
and treated waters, respectively, while nitrite concentrations were below the MRL. These 
water characteristics were comparable with that of the CH raw and treated waters used in 
HNM formation potential tests. 
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Table 6.2 
Selected Characteristics of Charleston Raw and Treated Water 
Parameter Charleston Raw Charleston Treated 
DOC (mg/L) 4.1 2.2 
UV254 (cm
-1) 0.18 0.045 
SUVA254 (L/mg-m) 3.9 1.9 
DON (mg/L) 0.17 0.17 
Br- (µg/L) 64 72 
NO2
--N (µg/L) < MRL < MRL 
NH3-N (mg/L) 0.03 0.06 
The values reported in the table were the average for the waters used in the experiments, accounting for the 
dilution effects due spiking of the samples with ozone, chlorine or chloramine solutions during uniform 
formation condition tests. The relative standard deviations of DOC, Br-, NH3-N and NO2
--N were within 
10%, 6%, 5% and 4%, respectively. 
 
Formation and Distribution of HNMs and Effect of pH 
HNM formation during chlorination and ozonation-chlorination of CH raw and 
treated waters at pH 6 and 8 conditions is shown in Figure 6.1. The mass and molar 
concentrations of individual species are presented i  tabular format in Tables 6.3 and 6.4, 
respectively. The amount of HNMs formed during chlorination was close to the MRLs 
for both pH conditions. Preozonation prior to chlorination significantly increased the 
HNM formation in both raw and treated waters, consistent with previous studies that 
reported similar impact of ozonation (Krasner et al., 2006; Hoigné and Bader, 1988; 
Merlet et al., 1985; Choi and Richardson, 2004) andthe observation documented in the 
previous chapter. The effect of pH was not notable for chlorination, but for ozonation-
chlorination there was about 4-fold increase in HNM formation with a 2 unit increase in 
pH. This is consistent with previous studies that reported a similar pH effect on TCNM 
formation (Merlet et al., 1985; Joo and Mitch, 2007). The difference in the HNM 















































Figure 6.1 HNM concentrations in Charleston raw (A) and treated (B) waters during 





Table 6.3  
HNM Formation in CH Raw and Treated Waters at UFC: HNM Mass Concentrations 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM DHNM THNM HNM HNM/DOC  Oxidants pH 
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Cl2  6 ND ND ND ND ND 0.4 0.6 ND ND ND 1.0 1.0 0.24 
O3-Cl2  6 ND ND < MRL ND ND 0.8 0.9 < MRL ND < MRL 1.7 1.7 0.42 
Cl2  8 ND ND < MRL ND ND 0.5 0.6 ND ND < MRL 1.1 1.1 0.27 
Raw 
 
O3-Cl2  8 ND ND < MRL ND < MRL 4.2 2.0 < MRL <MRL < MRL 6.2 6.2 1.55 
Cl2  6 ND ND ND ND ND 0.4 0.6 ND ND ND 1.0 1.0 0.45 
O3-Cl2  6 ND ND < MRL ND < MRL 0.6 1.2 < MRL <MRL < MRL 1.8 1.8 0.83 
Cl2  8 ND ND < MRL ND < MRL 0.3 0.7 < MRL ND < MRL 1.0 1.0 0.45 
treated 
O3-Cl2  8 ND ND < MRL ND 0.9 1.9 3.1 1.2 <MRL 0.9 6.2 7.1 3.24 
ND: Not Detected. MRL: Minimum Reporting Level. DHNM: dihalogenated HNMs. THNM: trihalogenated HNMs 
  
Table 6.4 
HNM Formation in CH Raw and Treated Waters at UFC: HNM Molar Concentration 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM DHNM THNM HNM HNM/DOC  Oxidants pH 
nM nM nM nM nM nM nM nM nM nM nM nM nmol/mg 
Cl2  6 ND ND ND ND ND 2.7 2.8 ND ND ND 5.5 5.5 1.3 
O3-Cl2  6 ND ND < MRL ND ND 5.0 4.2 < MRL ND < MRL 9.2 9.2 2.3 
Cl2  8 ND ND < MRL ND ND 3.0 3.1 ND ND < MRL 6.1 6.1 1.5 
raw 
O3-Cl2  8 ND ND < MRL ND < MRL 25.6 9.5 < MRL <MRL < MRL 35.1 35.1 8.8 
Cl2  6 ND ND ND ND ND 2.5 3.0 ND ND ND 5.5 5.5 2.5 
O3-Cl2  6 ND ND < MRL ND < MRL 3.6 6.0 < MRL <MRL < MRL 9.5 9.5 4.3 
Cl2  8 ND ND < MRL ND < MRL 1.6 3.2 < MRL ND < MRL 4.8 4.8 2.2 
treated 
O3-Cl2  8 ND ND < MRL ND 4.0 11.6 15.0 4.7 <MRL 4.0 31.3 35.3 16.1 
ND: Not Detected. MRL: Minimum Reporting Level. DHNM: dihalogenated HNMs. THNM: trihalogenated HNMs 
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for all conditions. However, considering that the tr a ed water had about half of the DOC 
and SUVA254 of the raw water, the similar HNM formation in both waters indicates that 
conventional treatment processes, known to preferentially remove the hydrophobic NOM 
components (Kim and Yu, 2005), did not effectively remove HNM precursors in 
treatment plant, and hydrophilic NOM components remaining in water after treatment 
constituted the major precursors of HNMs. As a result, HNM yields on a DOC basis were 
higher in the treated water than the raw water (Figure 6.2), while HNM yields on a DON 
basis remained relatively unchanged.  
The greater reactivity of hydrophilic NOM toward HNM formation may be further 
supported with the effect of ozonation on compositinal changes of NOM. Świetlik et al. 
(2004) reported that ozonation of NOM in natural water significantly decreased 
hydrophobic NOM fraction and the decrease was compensat d by the increase of 
hydrophilic components such as aldehydes and short-c ained carboxylic acids. Therefore, 
such an effect of ozone and increased formation of HNMs in the treated water highlights 
the importance of hydrophilic NOM in the formation f HNMs.  
THNMs were the major HNM species formed (Tables 6.3 and 6.4). BDCNM was the 
most prevalent HNM formed in all the conditions tested. Also TCNM was found above 
MRLs in chlorination and ozonation-chlorination conditions in both raw and treated 
waters. DBCNM was only formed in the treated water under ozonation-chlorination at 
pH 8. DHNMs were detected in some cases but always below the MRLs, except for 
treated water at pH 8 conditions for ozonation-chlorination, DBNM with 4.0 nM or 0.9 





















































Figure 6.2 HNM mass yields (on a DOC basis) in Charleston raw (A) and treated (B) 
waters during chlorination and ozonation-chlorination at UFC. Error bars represent data 




in all conditions but not detected at one condition (chlorination at pH 6). DBNM was 
detected in only one condition for the raw water (ozonation-chlorination at pH 8), but 
detected in all conditions except one (chlorination at pH 6) in the treated water. These 
results demonstrate that if TCNM was the only species monitored, the overall formation 
of HNMs in the samples would be underestimated. 
For a given disinfection condition, the distribution of HNMs shifted to more 
brominated HNMs in the treated water as compared to the raw water. The HNM 
distribution pattern observed in this study is generally in agreement with the results of the 
EPA’s nationwide occurrence study (Weinberg et al., 2002; Krasner et al., 2006) that 
reported occurrence of three THNMs (BDCNM, DBCNM, and TCNM) and two DHNMs 
(DCNM and BCNM) in an ozonation-chlorination plant treating a raw water having 
similar characteristics (TOC of 7.86 mg/L, SUVA of 3.36 L/mg-m, Br- of 60 µg/L, and 
pH 6.4) to CH water. In this study, those three THNM species and DCNM were observed 
after ozonation-chlorination in the raw water at pH 6 condition.  
The formation of THMs sharply contrasts with HNM formation under the same 
experimental conditions (Figure 6.3). First, higher formation of THMs was observed in 
the raw water than the treated water, suggesting a si nificant fraction of THM precursors 
were removed during conventional treatment. Second, preozonation decreased THM 
formation, resulting in 67 (pH 6) and 58% (pH 8) reduction in the raw water, and 38 (pH 
6) and 30% (pH 8) in the treated water. The decrease of THM formation in the treated 
water is also evinced by the THM yield per DOC for chlorination (Table 6.5). However, 











































Figure 6.3 THM concentrations in Charleston raw (A) and treated (B) waters during 
chlorination and ozonation-chlorination at UFC. Error bars represent data range for 





THM Formation in CH Raw and Treated Waters at UFC 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC n  Oxidants pH 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/mg) - 
Cl2 6 67 14 2 ND 84 20 0.17 
O3-Cl2 6 18 8 3 <MRL 29 7 0.37 
Cl2 8 94 20 3 ND 117 29 0.17 
raw 
O3-Cl2 8 35 12 5 <MRL 52 13 0.31 
Cl2 6 11 9 4 <MRL 25 11 0.56 
O3-Cl2 6 4 7 6 <MRL 17 8 0.93 
Cl2 8 19 13 7 <MRL 39 18 0.54 
treated 
O3-Cl2 8 12 9 6 1 28 13 0.65 




treated waters. This indicates ozonation of the raw water had a similar precursor removal 
effect as conventional treatment to remove THM precu sors as NOM oxidation by ozone 
is reported to break down hydrophobic components into hydrophilic fractions (Świetlik et 
al., 2004).  
The distinct differences in the formation of THMs and HNMs indicate that the major 
precursors of THMs and HNMs are not the same. The THM precursors are regarded as 
being of high molecular weight with high hydrophobicity (Reckhow et al., 1990; Singer 
et al., 1990; Chow et al., 2005), whereas low molecular hydrophilic NOM components 
appear to be the principal HNM precursors. Therefore, it may not be possible to correlate 
HNM formation to THM formation in a sample. On the other hand, in terms of 
similarities, for both THMs and HNMs, formation increased with pH, and treated water 
had higher amount of brominated species as compared to the raw water. 
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Figure 6.4 shows a summary of the impact of conventional treatment processes on 
DOC, UV, DON, and DBP (THMs and HNMs) precursor removals at pH 6 and 8, 
respectively. The results showed that during conventional treatment, about 46% DOC 
was removed, the UV absorbance at 254 nm was reduced by 75% indicated that aromatic 
natural organic matter components in CH raw water we preferentially removed by the 
conventional treatment. Consistent with these numbers, about 60% reduction in THM 
formation was observed. In contrast, the removal of DON was negligible and 
conventional treatment did not have any impact on HNM formation. Preozonation of the 
raw water removed THM precursors while increasing HNM formation significantly when 
chlorine was used as post disinfectant. The similar result was observed from preozonation 
of the treated water. It was noted that preozonatio removed more THM precursors in 
raw water than in the treated water, whereas the increase in HNM formation was very 
close in raw and treated water. The different formation pattern between THM and HNM 
during the same treatment process indicated that the major precursors of HNMs and 
THMs are not the same. In a recent study, the reduction in TCNM formation potential 
was reported at an ozonation plant after biologically ctivtive GAC filters (Mitch et al., 
2008). Therefore, one approach to address HNM problems in ozonation plants can be to 
operate the filters in the biofiltration mode. The other approach is to use chloramination, 























































































Figure 6.4 The impact of conventional treatment processes on removals of DOC, UVA, 










































































Effect of Bromide 
The effect of bromide was investigated by performing experiments at three bromide 
to DOC ratios (Br-/DOC = ambient, 50 and 100 µg/mg) and two pH values (6 and 8). For 
both chlorination and ozonation-chlorination, the presence of bromide significantly 
increased THM formation, with its impact greater for the raw water (Figures 6.5 and 6.6, 
Tables C1 and C2 in Appendix C). The addition of bromide shifted HNM species toward 
more brominated species as indicated by the increasing bromine incorporation factor, n 
(Table 6.6). The THM bromine incorporation factors (n-THM) are the molar sum of 
bromine incorporated into THMs divided by molar sum of THMs, where n-THM ranges 
from 0 (all chloroform) to 3 (all bromoform).  
Bromide effect on the HNM formation during chlorination was not apparent because 
HNM formation in both raw and treated water were about the MRLs (Figure 6.7). 
However, it was evident during ozonation-chlorination (Figure 6.8). The detailed results 
including HNM mass and molar concentrations and distribution at pH 6 and 8 in the 
presence of bromide during chlorination and ozonati-chlorination are provided in the 
Tables C3 to C6 in Appendix C. The addition of bromide increased the overall HNM 
formation and such effect of bromide was more apparent at pH 8 in both waters. One 
notable observation is that bromide showed much higer impact on the treated water and 
that it significantly increased overall HNM formation as compared to the raw water. 
Considering relatively similar Cl2/Br
- ratios of UFC experiments for raw and treated 
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Figure 6.5 The effect of bromide on THM formation in Charleston raw (A) and treated 
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Figure 6.6 The effect of bromide on THM formation in Charleston raw (A) and treated 
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THM formation in CH Raw and Treated Waters with Various Bromide Levels 
at UFC 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC n  Oxidants pH 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/mg) - 
ambient-Cl2 6 67 14 2 ND 84 20 0.17 
Br(50)-Cl2 6 53 33 11 <MRL 96 24 0.44 
Br(100)-Cl2 6 37 46 32 4 118 30 0.84 
ambient-Cl2 8 94 20 3 ND 117 29 0.17 
Br(50)-Cl2 8 75 46 17 <MRL 138 34 0.45 
raw 
Br(100)-Cl2 8 53 65 45 8 170 43 0.84 
ambient-Cl2 6 11 9 4 <MRL 25 11 0.56 
Br(50)-Cl2 6 9 11 7 <MRL 26 12 0.76 
Br(100)-Cl2 6 5 12 15 4 35 16 1.30 
ambient-Cl2 8 19 13 7 <MRL 39 18 0.54 
Br(50)-Cl2 8 16 15 11 2 44 20 0.78 
treated 
Br(100)-Cl2 8 9 17 22 10 58 26 1.33 
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Figure 6.7 The effect of bromide on HNM formation in Charleston raw (A) and treated 
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Figure 6.8 The effect of bromide on HNM formation in Charleston raw (A) and treated 
(B) waters during ozonation-chlorination at UFC. Error bars represent data range for 





The Ratios of Br-/DOC and Cl2/Br
- of CH Raw and Treated Waters 










Cl2 6.6 64 16 0.103 
O3_Cl2  6.1 64 16 0.095 
Br (50)_Cl2 6.9 207 50 0.033 
Br (100)_Cl2 7 399 97 0.018 
Br (50)_O3_Cl2 5.9 207 50 0.029 
CH raw 
(pH 6) 
Br (100)_O3_Cl2 5.9 399 97 0.015 
      
Cl2 6.5 64 16 0.102 
O3_Cl2  5.8 64 16 0.091 
Br (50)_Cl2 6.7 207 50 0.032 
Br (100)_Cl2 6.8 399 97 0.017 
Br (50)_O3_Cl2 6.1 207 50 0.029 
CH raw 
(pH 8) 
Br (100)_O3_Cl2 6.1 399 97 0.015 
      
Cl2 3.2 72 33 0.044 
O3_Cl2  4.7 72 33 0.065 
Br (50)_Cl2 3.2 113 51 0.028 
Br (100)_Cl2 3.2 231 105 0.014 




Br (100)_O3_Cl2 4.7 233 106 0.020 
      
Cl2 3.4 72 33 0.047 
O3_Cl2  3.6 72 33 0.050 
Br (50)_Cl2 3.6 113 51 0.032 
Br (100)_Cl2 3.6 231 105 0.016 




Br (100)_O3_Cl2 4.3 233 106 0.018 
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water was attributed to the higher reactivity of hydrophilic NOM components toward 
bromine incorporation. 
Previous studies have shown that bromine incorporation in DXAA was nearly 
equivalent to that in THMs, while bromine incorporation in TXAA tends to be somewhat 
lower than THMs (Obolensky et al., 2005). Since the dominant HNM species formed 
were trihalogenated nitromethanes, the bromine incorporation factors for trihalogenated 
nitromethanes (n-THNM) were analyzed and compared with n-THM. n-THNM are the 
molar sum of bromine incorporated into THNMs divided by molar sum of THNMs, 
where it ranges from 0 (all chloropicrin) to 3 (all bromopicrin). Krasner et al. (2006) 
compared bromine incorporation for THMs and THNMs at two plants (plant 1: ozone-
chlorine-chloramine, and plant 2: chlorine-chloramines). They reported for plant 1, n-
THNM=2.3 and n-THM=1.8, and for plant 2, n-THNM=1.3 and n-THM=1.0. Similar 
comparison of bromine incorporation of THMs and HNMs in this study is shown in 
Figure 6.8. Note that the comparison was made only for ozonation-chlorination 
experiments because the amount of HNM formation during chlorination was about the 
MRLs. The results indicated that n-values showed a similar increasing pattern with 
increasing Br-/DOC ratios for both THMs and THNMs (Figure 6.9). However, the n 
values of THNMs were generally higher than those of THMs, consistent with the findings 
of Krasner et al. (2006). 
Experiments with ozone alone (i.e., no subsequent chlorination) even in the presence 
of high bromide concentrations (i.e., Br-/DOC=100 µg/mg) did not show formation of 
any brominated HNMs, consistent with previous studies that reported no formation of 
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halogenated organic DBPs with ozonation (Krasner et al., 2006; Richardson et al., 
1999b).  
When ozone is added, some of the bromide is oxidized to HOBr/OBr-.  However, 
there are a series of reactions that can occur.  In fact, there is a cycle in which bromide 
can be regenerated.  In some studies, high concentratio s of bromide were measured after 
the ozonation process.  This may explain, in part, why there is little formation (if any) of 
brominated organic DBPs in most studies, including brominated HNMs in this study. 
However, when chlorine is added, bromide is effectively oxidized to HOBr/OBr-.  In the 
latter case, HOCl and HOBr can both react with NOM components to form mixed 




















Figure 6.9 Bromine incorporation (n) for THMs and THNMs in Charleston raw and 
treated waters during ozonation-chlorination at UFC (■: Krasner et al. (2006)). 
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Effect of Nitrite 
The effect of nitrite was investigated by spiking samples with 2 mg/L nitrite at two 
pH values (6 and 8) and comparing the results to the experiments without nitrite. The 
presence of nitrite increased HNM concentrations during chlorination with its impact 
greater for the raw water (Figure 6.10). The enhanced formation of HNMs in the raw 
water mainly resulted from TCNM increase and, in part by BDCNM increase, while for 
the treated water, it was mostly from BDCNM increase (Table 6.8). The detailed results 
of HNM molar concentrations and distribution at pH 6 and 8 in the presence of nitrite 
during chlorination and ozonation-chlorination are p ovided in the Tables C7 to C10 in 
Appendix C. It appears that there are some hydrophobic NOM components in the raw 
water that are removed during conventional treatmen that can form HNMs in the 
presence of nitrite during chlorination. As expected, the influence of nitrite on THM 
formation and distribution during the same experiment was negligible (Tables C11 and 
C12, Figure C1 in Appendix C). 
The effect of nitrite on HNM formation during ozonation-chlorination is also shown 
in Figure 6.9. Similar effect of nitrite was observd, but the extent of formation 
enhancement in the raw and treated waters was variable depending on pH. At pH 6, the 
raw water had a greater impact from nitrite addition, and at pH 8 the enhancement was 
greater in the treated water. The enhanced formation of HNMs in the presence of nitrite is 
consistent with the previous report by Choi and Richardson (2004) who used radiolabeled 
nitrite (15NO2
-) and showed that nitrite was the source of nitro group in HNMs (dibromo 
and tribromo-nitromethanes) produced from ozonation-chlorination of a humic acid 
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solution. Duguet et al. (1985) also found approximately a factor of 10 increase in TCNM 
formation from chlorination of humic acid in the presence of nitrite. The influence of 
nitrite on the THM formation and distribution during the same experiments was 
negligible at two pH conditions (Tables C13 and C14, Figure C2 in Appendix C).  
The overall effect of nitrite was less significant i  the case of ozonation-chlorination 
than chlorination. This was probably attributed to the greater oxidation potential of ozone 
that rapidly oxidized nitrite to nitrate, leaving lower amounts of nitrite residuals to be 
incorporated into HNM molecules. 
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Table 6.8 
 HNM Formation in CH Waters in the Presence of Nitrite during Chlorination and Ozonation-Chlorination at UFC 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC Disinfection Method  
pH µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Cl2  6 ND ND ND ND ND 0.4 0.6 ND ND 1.0 0.24 
NO2-Cl2 6 ND ND < MRL ND ND 2.4 1.2 ND ND 3.6 0.90 
Cl2  8 ND ND < MRL ND ND 0.5 0.6 ND ND 1.1 0.27 
NO2-Cl2 8 ND ND < MRL ND < MRL 2.8 1.9 < MRL ND 4.7 1.18 
O3-Cl2 6 ND ND < MRL ND ND 0.8 0.9 < MRL ND 1.7 0.42 
NO2-O3-Cl2 6 ND ND < MRL ND ND 2.4 1.5 < MRL ND 3.9 0.97 
O3-Cl2 8 ND ND < MRL ND < MRL 4.2 2.0 < MRL <MRL 6.2 1.55 
raw 
NO2-O3-Cl2 8 ND ND < MRL ND ND 4.6 3.0 < MRL 0.6 8.1 2.04 
Cl2  6 ND ND ND ND ND 0.4 0.6 ND ND 1.0 0.45 
NO2-Cl2 6 ND ND < MRL ND ND 0.4 1.1 < MRL ND 1.5 0.68 
Cl2  8 ND ND < MRL ND < MRL 0.3 0.7 < MRL ND 1.0 0.45 
NO2-Cl2 8 ND ND ND ND ND 0.6 1.2 0.6 1.2 3.6 1.64 
O3-Cl2 6 ND ND < MRL <MRL ND 0.6 1.2 < MRL <MRL 1.8 0.83 
NO2-O3-Cl2 6 ND ND < MRL ND 0.6 0.5 1.3 0.7 ND 3.1 1.40 
O3-Cl2 8 ND ND < MRL ND 0.9 1.9 3.1 1.2 <MRL 7.1 3.24 
treated 
NO2-O3-Cl2 8 ND ND ND ND ND 0.6 1.9 1.9 8.0 12.3 5.63 
Ambient NO2
- < MRL, NO2
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Figure 6.10 The effect of nitrite on HNM formation in Charleston raw (A) and treated (B) 
waters during chlorination and ozonation-chlorination at UFC. Error bars represent data 




Effect of Chloramination 
The same experimental matrix presented for chlorinatio  and ozonation-chlorination 
was also performed for chloramination and ozonation-chloramination for the CH raw 
water at pH 6 and 8 conditions. Monochloramine alone did not form any measurable 
amount of HNMs. For ozonation-chloramination, the total HNM formation did not 
exceed 1 µg/L, and it was usually below the MRL of measurements (Tables 6.9 and 
6.10). These results indicated that chloramination or ozonation-chloramination can be an 
effective way to significantly reduce HNM formation even in the presence of high 
bromide and nitrite concentrations at typical drinking water treatment conditions. 
At limited full scale water treatment plant observations, Krasner et al. (2006) found 
that pre-ozonation and post-chloramination (with a short free-chlorine contact time) 
formed a number of the HNMs, albeit at low µg/L or sub µg/L levels. Mitch et al. (2008) 
also evaluated HNM formation in two drinking water plants treating wastewater-
impacted source waters with ozonation-chloraminatio. Although the two plants operated 
similarly, one plant formed a significant amount of HNMs, which was attributed to 
chlorine and ammonia mixing issues. Therefore, the impacts of full-scale operational 
parameters need to be evaluated to optimize the benfit from chloramination after 
ozonation in terms of controlling HNM formation.  
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Table 6.9 
HNM Formation in Charleston Raw Water at UFC at pH 6 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM Disinfection 
Method (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
NH2Cl ND ND < MRL ND ND < MRL ND ND ND < MRL 
O3_NH2Cl ND ND < MRL ND ND 0.3 0.9 ND ND 1.2 
           
Br (50)_NH2Cl ND ND < MRL ND ND < MRL ND ND ND < MRL 
Br (100)_NH2Cl ND ND < MRL < MRL ND < MRL < MRL ND ND < MRL 
Br (50)_O3_NH2Cl ND ND < MRL < MRL ND < MRL 1.1 ND ND 1.1 
Br (100)_O3_NH2Cl ND ND < MRL < MRL < MRL < MRL 1.0 < MRL < MRL 1.0 
           
NO2_NH2Cl ND ND <MRL ND ND 0.4 0.8 ND ND 1.2 
NO2_O3_NH2Cl ND ND < MRL ND ND 0.4 0.9 ND ND 1.3 
Br- (50): Br-/DOC = 50 µg/mg, Br- (100): Br-/DOC = 100 µg/mg, ambient NO2- < MRL, NO2- addition = 2 mg/L. ND: Not 
Detected. MRL: Minimum Reporting Level 
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Table 6.10 
HNM formation in Charleston Raw Water at UFC at pH 8 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM Disinfection Method 
(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
NH2Cl ND ND < MRL ND ND ND ND ND ND < MRL 
O3_NH2Cl ND ND < MRL ND ND 0.3 ND ND ND 0.3 
           
Br (50)_NH2Cl ND ND < MRL ND ND ND ND ND ND < MRL 
Br (100)_NH2Cl ND ND < MRL ND ND ND ND ND ND < MRL 
Br (50)_O3_NH2Cl ND ND < MRL < MRL ND < MRL ND ND ND < MRL 
Br (100)_O3_NH2Cl ND ND < MRL < MRL ND < MRL ND ND ND < MRL 
           
NO2_NH2Cl ND ND <MRL <MRL ND 0.3 ND ND ND 0.3 
NO2_O3_NH2Cl ND ND < MRL ND ND 0.4 ND ND ND 0.4 
Br- (50): Br-/DOC = 50 µg/mg, Br- (100): Br-/DOC = 100 µg/mg, ambient NO2- < MRL, NO2- addition = 2 mg/L. ND: Not 
Detected. MRL: Minimum Reporting Level. 
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Conclusions 
HNM and THM formation and distribution were examined under various disinfection 
scenarios, and the effects of pH, bromide and nitrite on HNMs and THMs formation and 
distribution were also investigated. HNMs and THMs showed different formation 
patterns, and the major precursors of HNMs and THMs are not the same. HNM 
concentrations in treated water were comparable with or higher than raw water, while the 
treated water exhibited significantly lower THM formation than raw water. Preozonation 
enhanced HNM formation, while reduced THMs formation. During chlorination, bromide 
did not show impact on HNM formation. HNM formation was increased with bromide 
levels during ozonation-chlorination, and HNM species shifted to brominated HNMs. 
THM formation was increased with bromide concentration during chlorination and 
ozonation-chlorination. It was observed that bromine corporation factors for HNMs 
were higher than THMs during ozonation-chlorination. In the presence of nitrite, HNM 
formation was increased, while the presence of nitrite did not affect THM formation. 
Chloramination and ozonation-chloramination significantly reduced HNMs formation 
compared to ozonation-chlorination. It was found that HNM and THM formation were 
increased with pH for all the cases. THNMs were the major HNM species formed. 
BDCNM was the most prevalent HNM formed in all the conditions tested. DHNMs were 
detected in some cases but it was usually below the MRLs. These results demonstrated 
that if TCNM was the only specie monitored, the overall formation of HNMs in the 




HALONITROMETHANE FORMATION AND DISTRIBUTION FROM  
AMINO ACIDS AND AMINO SUGARS 
 
Introduction and Objective 
The results of formation potential tests of HNM in natural waters in Chapter 5 
showed that HNM yields increased with decreasing DOC/DON ratios (i.e., increasing 
dissolved organic nitrogen content per dissolved organic carbon in water), and 
hydrophilic components of natural organic matter (NOM), especially nitrogenous organic 
compounds, are likely the major precursors of HNMs. Amino acids are one class of 
nitrogeneous organic compounds that ve been identified in drinking water sources. 
They are often found in natural waters in the form of proteins and polypeptides, referred 
to as combined amino acids rather than free amino acids (Scully et al., 1985). Data have 
shown that their concentrations may increase, especially for free amino acids (Hureiki et 
al., 1996), or decrease (Scully et al., 1985) during water treatment. High amino acid 
concentrations were detected with the occurrence of algae bloom (Scully et al., 1988; 
Sellner and Nealley, 1997; Meon and Kirchman, 2001). Additionally, degradation of 
algal cells during the declining phase can be a major contributor of dissolved amino acids 
in natural waters (Thurman, 1985; Jørgensen, 1987).   
The concentration of total dissolved amino acids in surface waters usually ranges 
from 50 to 2000 µg/L, and they may account for 2-13% of DOC in naturl waters 
(Thurman, 1985). Proteins and polypeptides account for 16-50% of the total DON in 
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lakes and seawater (Tuschall and Brezonik, 1980). The principal free amino acids 
identified in natural waters include glycine, glutamic acid, alanine, aspartic acid, leucine 
and serine (Thurman, 1985; Münster, 1999). It was also noted that different types of 
amino acids are dominant in different parts of the world: glutamic acid in South America,  
glycine in North America, serine in Africa, and methionine in Southeast Asia (Thurman, 
1985).  
Chinn and Barrett (2000) measured 16 free and 16 combined amino acids in two 
water sources (the Colorado River and the California State Water Project). Four free 
amino acids were dominant among the 16 free amino acids analyzed during the study: 
serine (average 5.1 µg/L), alanine (average 4.5 µg/L), proline (average 6.4 µg/L), and 
glycine (average 2.3 µg/L). Also three of the same combined amino acids, proline 
(average 26.9 µg/L), glycine (average 9.4 µg/L), and glutamic acid (average 10.6 µg/L), 
were dominant in both waters among the 16 combined amino acids.     
Some studies have been conducted to examine the reactions of amino acids with 
chlorine. The presence of amino acids in raw and treated waters has been found to exert 
high chlorine demand (Trehy et al., 1986; Hureiki et al., 1994; Na and Olson, 2007). The 
reactions of amino acids and chlorine have been shown to produce DBPs such as 
haloacetaldehydes, haloacetonitriles, cyanogen chloride, THMs and HAAs (Hureiki et al., 
1994; Froese et al., 1999; Na and Olson, 2006; Hong et al., 2009). Two reaction 
mechanisms have been proposed. The first one involves chlorination of amino acids 
initially via chlorination of amino group to form N-chloroamino acids and N,N-
dichloroamino acids, which undergo a series of reactions to produce nitriles and 
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aldehyde. The functional groups of these nitrile and ldehyde compounds further undergo 
oxidation and chlorination, leading to the formation of haloacetonitriles and 
haloacetaldehydes (Hureiki et al., 1994).  The second pathway was proposed for 
chlorination of aspartic acid. Cyanoacetic acid is an important intermediate during the 
initial reaction, followed by the formation of dichloroacetonitrile and 
trichloroacetonitrile, which are further oxidized to form di- and trichlorinated acetic acids 
(Trehy et al., 1986; Peters et al., 1990). A recent study showed that amino acids with 
activated aromatic structures (e.g. tryptophan, tyrosine) were potent precursors of THMs 
and HAAs. Additionally, without the reactive ring structure, aspartic acid and asparagines 
also produced high levels of HAAs (Hong et al., 2009). 
 Na and Olson (2007) reported that amino acids have similar initial reactivity towards 
chlorine. The relative chlorine reactivity of amino acids depends on the side chain groups 
attached to the α-carbon. It has been shown that amino acids containi g thiol group (e.g. 
methionine, cysteine) had high reactivity to chlorine. On the other hand, glycine and 
proline showed the least reactivity. The other amino acids (e.g. alanine, valine, 
isoleucine, aspartic acid) exhibit similar chlorine consumption.  
Compared with chlorine, fewer studies have been conducted on the reactions of ozone 
with amino acids. Early in 1980s, kinetic studies indicated that amino acids were reactive 
with ozone during drinking water treatment (Hoigné and Bader, 1983; Pryor et al., 1984). 
Later, it was reported that ozonation of glycine in aqueous solutions resulted in formation 
of nitrate and ammonia as well as the formation of formic acid and carbon dioxide (Le 
Lacheur and Glaze, 1996). The reaction of ozone with serine led to the formation of 
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nitrate and mixed aldehydes. In addition, the reaction of ozone decomposition products 
such as hydroxyl radicals with serine yielded ammonia a d mixed keto acids. 
In this study, eight most common amino acids from fur different groups existing in 
natural waters (i.e., glycine, alanine, serine, cysteine, aspartic acid, glutamic acid, lysine 
and histidine) were selected as the model compounds to examine HNM formation. 
Currently, there is no study in the literature about the roles and contributions of amino 
acids to HNM formation during water treatment. The c mical structures of the selected 
amino acids and sugars are presented in Table 7.1 and Figure 7.1, respectively. The pK 
values and isoelectric points of the selected amino acids are presented as well in Table 
7.1. Their reactivity was tested during chlorination and ozonation-chlorination, the two 
disinfection conditions that yielded highest HNM con entrations as documented in 
previous Chapters, and at different pH, bromide and nitrite conditions. Along with amino 
acids, amino sugars constitute another important group of organic nitrogen in natural 
waters. An amino sugar is a monosaccharide that contains an amino or substituted amino 
group in the place of a non-glycosidic hydroxyl group. Compared to amino acids, 
relatively less is known about the occurrence of amino sugars in natural waters. Recently, 
Lee et al. (2007) reported a positive correlation between amino sugar content and TCNM 
formation during chlorination and chloramination. To investigate the role of amino sugars 
in the formation of HNMs, four commercially availabe amino sugars (i.e., glucosamine, 
galactosamine, N-acetylglucosamine and N-acetylneuraminic acid) were selected as 
model compounds in this study. As in Chapter 6, the formation of THMs was also 
measured and analyzed during the experiments, and the results were compared with those  
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Table 7.1 
Amino Acids (RCHNH2COOH) Selected for HNM Formation Potential Tests 
type Amino 
acid 















- 2.19 9.67 4.32 3.25 
Lysine -CH2CH2CH2CH2NH3
+ 2.18 8.95 10.53 9.74 basic 




1.82 9.17 6.00 7.58 
Glycine -H 2.34 9.60  5.97 nonpolar 
Alanine -CH3 2.34 9.69  6.01 
Cysteine -CH2SH 1.91 10.28 8.14 5.02 polar 
Serine -CH2OH 2.21 9.15  5.68 

































N-acetylglucosamine          sialic acid (N-acetylneuraminic acid) 
 
Figure 7.1 Chemical structures of amino sugars selected for HNM formation potential 
tests. 
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 for HNM formation. 
 
Approach 
HNM formation potential tests were conducted with 12 model compounds by 
applying excess amount of disinfectants (chlorine ad ozone-chlorine). The fresh chlorine 
stock (≈ 1600 mg/L) was prepared by diluting sodium hypochlrite (5-6% available free 
chlorine) before the experiment each time. The chlorine doses were determined by the 
formula (on a mass basis, mg/L) Cl2 = 3 × DOC + 10, which is modified from the Cl2 
dose for HNM formation potential tests for natural w ters since the amino acid and sugar 
solutions did not contain ammonia or nitrite. The experimental matrix for this study is 
presented in Table 7.2.  
 
Materials and Methods 
About 1 mg/L solution of the selected amino acids and sugars (Sigma-Aldrich) were 
prepared in DDW and stored in 65 mL amber glass bottles without headspace. The pH of 
the amino acid and sugar solutions were buffered with 4 mM sodium bicarbonate and 
adjusted to 6 and 8 with 1M HCl or NaOH solutions.  
Calculated amounts of sodium bromide and sodium nitrite were added into some 
amino acid or amino sugar solutions for studying the impacts of bromide or nitrite on the 
formation of HNMs and THMs. The amounts of bromide addition were determined by 
the ratio of the concentration of bromide to DOC of amino acid or amino sugar solutions, 
which was set at 100 µg Br-/mg DOC. For nitrite fortified samples, the selected arget 
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nitrite concentrations were 2 mg/L. Therefore, for each set of experiments, two different 
levels of bromide and nitrite concentrations were tested (i.e., Br-, NO2
- < MRL and Br-
/DOC = 100 µg/mg, NO2- = 2 mg/L). The selected characteristics of amino acids and 
sugar solutions were presented in Table 7.3.  
The concentrations of the free chlorine were measured with Standard Method 4500-
Cl F (DPD Ferrous Titrimetric Method). Ozonation was carried out by adding ozone 
stock solution to the samples. The details of ozone generation can be found in Chapter 4. 
Predetermined amounts of amino acid and sugar solutions were removed from the 65 mL 
amber glass bottles and replaced with the fresh prepared ozone stock solution to yield 
10:1 of O3: DOC ratio. The ozone dose was higher than the typical ozone dose used in 
treatment plants because high amount of ozone are consumed by amino acids and sugars.  
The samples were mixed on a stir plate for 5 min before chlorination. The residue 
ozone concentrations were measured to assure that there was ozone residual before 
chlorine addition. For those samples with chlorination and without ozonation, the same 
amount of solutions were removed as the ozonated samples but replaced with DDW to 
have the same concentrations of sample characteristics (e.g. DOC, DON, Br- and NO2
-) 
as the ozonated samples. Chlorination and ozonation-chlorination experiments were 
carried out in 65 mL amber glass bottles without headspace at 22 oC in the dark for 24 hr. 
The details of analytical methods for HNM and water characteristic measurements were 
described in Chapter 4. 
  
 138 
 Table 7.2 
HNM Formation Potentials of Model Compound Experiment Matrix 
Compounds    Cl2 O3-Cl2 
pH 6 √ √ Ambient 
(< MRL) pH 8 √ √ 




pH 8 √ √ 
     
pH 6 √ √ Ambient 
(< MRL) pH 8 √ √ 
pH 6 √ √ 





pH 8 √ √ 
√: The performed experiments.  *This matrix was applied to each amino acids (glycine, 
alanine, serine, cysteine, aspartic acid, glutamic ac d, lysine and histidine) and amino 
sugar (glucosamine, galactosamine, N-acetylglucosamine and N-acetylneuraminic acid) 
tested in this study. aNitrite was at ambient concentration (< MRL); bBromide was at 




Selected Characteristics of Amino Acid and Amino Sugar Solutions 
 DOC  DON  Br-*  Br-/DOC NO2
-* 
 (mg/L) (mg/L) (µg/L) (µg/mg) (mg/L) 
Aspartic acid 0.33 0.10 33 100 1.8 
Glutamic acid 0.38 0.10 35 92 2.0 
Lysine 0.45 0.18 42 94 2.0 
Histidine 0.44 0.30 40 93 1.9 
Glycine 0.33 0.21 28 94 1.9 
Alanine 0.40 0.15 37 97 1.9 
Cysteine 0.29 0.11 27 90 1.8 
Serine 0.31 0.12 29 94 2.0 
D(+)-glucosamine 0.31 <MRL 30 97 1.8 
D(+)-galactosamine 0.32 <MRL 29 93 2.0 
N-acetyle-D-glucosamine 0.40 <MRL 38 95 2.1 
N-acetylneuraminic acid 0.41 <MRL 37 90 2.1 
* The concentrations of Br- and NO2
- were the concentrations in the amino acid and sugar 
solutions with addition of Br- and NO2
- at pH 6 and 8, respectively. Ambient bromide and 
nitrite concentrations were <MRL. DOC and DON concentrations were the measured 
concentrations.   
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Results and Discussion 
Formation of HNM and THM during Chlorination and Ozonation-Chlorination 
TCNM was the only HNM species formed above the MRL when amino acid and 
sugar solutions were treated with chlorine or ozone-chlorine. The detailed results of 
HNM mass and molar concentrations and distribution at pH 6 and 8 during chlorination 
and ozonation-chlorination are provided in the Tables D1 to D4 in Appendix D. During 
chlorination alone, about 4.0 nM (0.7 µg/L) of TCNM was detected for most of the 
selected amino acids and sugars at both pH 6 and 8, except for glycine, serine and N-
acetylneuraminic acid at pH 6, and glycine, lysine a d N-acetylneuraminic acid at pH 8 
(Figure 7.2). The formation of TCNM increased with preozonation followed by 
chlorination at pH 8, but the impact of ozonation was negligible for many compounds at 
pH 6, except glycine and lysine. TCNM formation from glycine increased from below the 
MRL to 17.6 nM (2.9 µg/L) at pH 6, and reaching 1161.0 nM (191.0 µg/L), at pH 8. The 
TCNM yields from glycine were 58.5 and 3861.3 nmol/g DOC (9.6 and 635.2 µg/mg 
DOC) at pH 6 and 8, respectively. For lysine, TCNM formation as a result of 
preozonation increased with pH, but it was not as dr matic as for glycine. The amount of 
TCNM formation increased from 40.9 to 74.8 nM (6.7 and 12.3 µg/L) and from 91.5 to 
167.4 nmol/mg DOC (15.1 and 27.5 µg/mg DOC) when pH was raised from 6 to 8. 
About 0.1% and 8.3% of glycine was converted to TCNM with ozonation-chlorination at 
pH 6 and 8, respectively, while for lysine the corresponding conversions were 0.6% and 
1%. For the other amino acids and sugars, the formation of TCNM was in the range of 
























































































































































































































Figure 7.2 HNM formation potentials from amino acids and sugars during chlorination 
and ozonation-chlorination (DOC = 0.3 ~ 0.4 mg/L, DON = <MRL ~ 0.30 mg/L, Br-
&NO2
- MRL) at pH 6 (A) and pH 8 (B). HNM formation from glycine refers to the 




enhanced HNM formation with preozonation and increasing pH from the amino acids and 
amino sugars tested in this study was partly attributed to the effect of pH on ozone 
decomposition. When pH ≥ 8, ozone decomposes to O·- first, which is a more powerful 
oxidant than ·OH formed from ozone decomposition when pH ≤ 8 (von Gunten, 2003a). 
It was reported that amino acid reactivity with ozone was significantly increased with pH 
(Hoigné and Bader, 1983ab). In addition, there were some specific reactions between O3 
and/or ·OH and some of the amino acids because significantly higher HNM formations 
were mainly observed for glycine and lysine. It was observed that the more electron-
donating functional groups (–COO-,  –SH, –CH3) and imidazole were not favorable to 
form HNMs. Overall, the reactivity of glycine, especially with preozonation at pH 8, was 
remarkable; it was about 15 and 120 times higher than lysine and other amino acids and 
amino sugars tested, respectively. These results sugge t that glycine and lysine in free or 
combined amino acids and the other DON components with such structures are very 
likely to be responsible for the HNM formation during ozonation, especially at high pH 
conditions. Assuming approximately 10% conversion of glycine to TCNM, it was 
calculated that 1 µg/L glycine can form 0.2 µg/L TCNM at pH 8 for preozonation-
chlorination. Therefore, in a natural water with a free glycine concentrations of 10 µg/L, 
approximately 2 µg/L TCNM can be formed as a result of ozonation andchlorination at 
pH 8. Although the concentrations of amino acids, free or combined, were not measured 
in the natural waters tested during the previous phases of the study, the scatter trends 
observed in the HNM yields vs. DOC/DON regression ca  be due to the significant 
differences in the reactivity towards HNM formation f some amino acids (e.g., glycine 
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and lysine vs. others). And also it may caused by the different reacitivity of some other 
DON components towards HNM formation.    
The higher TCNM formation from amino acids and sugars with ozonation-
chlorination than with chlorination is probably due to the stronger oxidation potential of 
ozone which resulted in higher and faster nitro-containing compound formation (Le 
Lacheur and Glaze, 1996). The nitro-containing compund will be further substituted by 
chlorine to form chlorinated nitromethanes. A pathway for the formation of TCNM from 
the ozonation of glycine followed by chlorination is proposed in Figure 7.3. First ozone 
oxidizes the amine group of glycine to a nitro group, followed by the oxidation of the 
carboxyl to a trioxide (Le Lacheur and Glaze, 1996). Then a radical reaction occurs 
between chlorine and the trioxide to form a nitroacylchloride, which undergoes series of 
radical reactions with chlorine to form TCNM. However, the competing reactions 
between ozone and the trioxide bearing moiety or nitro group will also form formic acid 
or nitrate as the major products (Le Lacheur and Glaze, 1996), which will not be 
converted to TCNM.   
The only THM species formed from the amino acids and sugars with chlorination and 
ozonation-chlorination was chloroform. This was notsurprising since no bromide was 
present in the solutions prepared for these experiments. The details of THM mass 
concentrations and distribution at pH 6 and 8 during chlorination and ozonation-
chlorination are provided in the Tables D5 to D8 in Appendix D. Formation of THM was 
higher than HNM under both chlorination and ozonation-chlorination, except the 































Figure 7.3 Proposed reaction mechanism of formation of TCNM from glycine reacts 



































































































































































































Figure 7.4 THM formation potentials from amino acids and sugars during chlorination 
and ozonation-chlorination (DOC = 0.3 ~ 0.4 mg/L, DON = <MRL ~ 0.30 mg/L, Br- &    
NO2





chlorination were in the range of 13.8 to 57.1 nM (1.7 to 6.8 µg/L) and 13.2 to 76.2 nM 
(1.6 to 9.1 µg/L) at pH 6 and 8, respectively. Among the amino acids and sugars tested, 
glycine, lysine and four amino sugars formed the least amount of chloroform during 
chlorination at both pH values. Preozonation resultd in appreciable increases in THM 
formation from lysine, cysteine and N-acetylneuraminic acid at pH 6, while a dramatic 
increase was only observed for lysine and somewhat for N-acetyl-D-glucosamine and N-
acetylneuraminic acid at pH 8. Chloroform formation from lysine was 18.4 nM (2.2 
µg/L) at pH 6 and 20.1 nM (2.4 µg/L)  at pH 8, while for ozonation-chlorination,  it 
increased to 79.6 and 152.1 nM (9.5 and 18.2 µg/L), respectively. For other amino acids 
and amino sugars tested, the impact of preozonation on chloroform formation resulted in 
less than 5 µg/L difference. Considering significant decreases observed in THM 
formation as a result of preozonation in natural waters (Chapter 6, Figure 6.3), these 
results further confirm that organic nitrogen components do not play a major role in the 
formation of THMs in natural waters.  
The impact of pH on HNM formation was different for the model compounds during 
chlorination and ozonation-chlorination. There was no pH effect on HNM formation with 
chlorine for all model compounds (Figure 7.5 (A)), which was consistent with the results 
of chlorinated natural waters discussed in Chapter 6. However, different patterns were 
observed for pH effect during ozonation-chlorination (Figure 7.5(B)). These patterns 
were grouped into three sets. The first set included aspartic acid, D(+)-glucosmaine and 
D(+)-galactosamine for which there was no pH effect on the formation of HNMs. In the 
second group including the rest of the model compounds except glycine, an increase in 
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HNM formation up to a factor 4 was observed from pH 6 to pH 8. For example, HNM 
amount from serine was increased from 4.0 nM (0.7 µg/L) to 15.6 nM (2.6 µg/L). For 
glycine, there was a dramatic increase of HNM formation, from 17.6 nM (2.9 µg/L) at pH 
6 to 1161 nM (191 µg/L) at pH 8. These results showed that basic conditi s facilitate the 
formation of HNM during ozonation-chlorination for most of the selected amino acids 
and sugars; however the extent of increase is compound specific which is probably due to 
the different pH behavior of the model compounds.  
The effect of pH on THM formation from the model compounds is shown in Figure 
7.6. During chlorination, an increase in THM formation was observed with pH for 
aspartic acid, histidine and serine, while no signif cant increase or change was observed 
in THM formation from other compounds. During ozonation-chlorination, higher THM 
formation was observed for lysine, glycine and N-acetyl-D-glucosamine with increase in 
pH, while the pH effect was negligible or small forother model compounds (Figure 7.6 
(B)).  
The charges of 8 selected amino acids at pH 6 and 8 were evaluated from their pK 
values (Table 7.1). They were discussed below as 3 groups according to their side chain 
functional group in their structures. Alanine, glycine and serine did not have pK values of 
the R groups and their isoelectric points were about 6.0. Therefore, their charges were 
zero at pH 6. Whereas, at pH 8, they carried average ne ative charge between 0 and -1.  
Aspartic acid, glutamic acid and cysteine had acidic R groups. At pH 6 and 8, average 
negative charges carried by aspartic and glutamic acid were between -2 and -1. While for 
cysteine, average negative charge was between 0 and -1 at pH 6 and 8. Histidine and 
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lysine had basic R groups. At pH 6, the charge of histidine was +1; but at pH 8 it changed 
to negative value of 0 to -1. Also average negative charge of 0 to -1 was carried by lysine 
at pH 6 and 8.  
Glycine and lysine were the two amino acids formed much higher HNM 
concentrations than the others during ozonation-chlorination at pH 8, where their charges 
at pH 8 were between 0 and -1. Although some other amino acids, such as alanine, 
cysteine and histidine also had negative charge between 0 and -1 at pH 8, HNM 
formation was much lower compared to glycine and lysine. It suggested that charges of 
the selected amino acids at pH 6 and 8 were not the major factor to impact HNM 
formation.  
In Chapter five, it was found that HNM yields in the natural waters were increased 
with increasing DON/DOC ratios with regression analysis. The relationship between 
HNM yields and DON/DOC ratios of the selected amino acids and sugars was analyzed. 
However no relationship was obtained between HNM yields and DON/DOC ratios at pH 
6 and 8 during chlorination and ozonation-chlorination, since HNM yields for most of the 

























































































































































































































Figure 7.5 pH effect on HNM formation potentials from amino acids and sugars during 
chlorination (A) and ozonation-chlorination (B). HNM formation from glycine refers to 
































































































































































































Figure 7.6 pH effect on THM formation potentials from amino acids and sugars during 
chlorination (A) and ozonation-chlorination (B). Error bars represent data range for 




Effects of Bromide and pH 
Figures 7.7 and 7.8 show the HNM results from the formation potential tests of amino 
acids and sugars with chlorine and ozone-chlorine in the absence and presence of 
bromide at pH 6 and 8. During chlorination at pH 6, the presence of bromide did not 
make a major impact on HNM formation, except for serine and aspartic acid. At pH 8, 
the presence of bromide increased somewhat HNM formation for most of the amino acids 
tested. The presence of bromide did not show an apparent impact on HNM formation 
from amino sugars. However, the maximum increase in HNM concentrations at both pH 
levels remained within 6.5 nM (1.4 µg/L). Therefore, the presence of bromide had a small 
impact on HNM formation during chlorination. The major HNM species during these 
experiments were TCNM and BDCNM. At pH 6, more TCNM was formed than 
BDCNM, which was reversed at pH 8, indicating that bromide incorporation was more 
efficient at higher pH values. The details of HNM mass and molar concentrations and 
distribution at pH 6 and 8 in the presence of bromide during chlorination are provided in 
the Tables D9 and D10 in Appendix D. 
During ozonation-chlorination, HNM formation was greatly increased when bromide 
was presented (Figures 7.7 and 7.8). Formation of several brominated species was 
observed, TCNM, BDCNM, DBCNM and TBNM being the major ones (Tables D11 and 
D12 in Appendix D). Again, glycine and lysine had much higher formation of HNMs 
than other amino acids and sugars. Glycine formed 126.9 and 1260.8 nM (26.5 and 220.4 
µg/L) of HNMs at pH 6 and pH 8, respectively, in the presence of bromide. The HNM 
yields were 421.9 nmol/mg DOC (88.1 µg/mg DOC) at pH 6 and 4193.3 nmol/mg DOC 
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(733.1 µg/mg DOC) at pH 8. Therefore, about 0.9% and 9.1% of glycine at pH 6 and 8 
were converted to HNMs, which was higher than the conversions observed in the absence 
of bromide, 0.1% and 8.3% respectively. The main HNM species formed from glycine 
was BDCNM (60.6 nM or 12.7 µg/L) at pH 6 and TCNM (1041.7 nM or 171.4 µg/L) at 
pH 8. About 32% and 80% of bromide in the solution initially at pH 6 and 8, 
respectively, were incorporated to form the brominated HNM species, (i.e. BDCNM, 
DBCNM, and TBNM). This also demonstrates more efficient bromine incorporation at 
higher pH conditions. 
In contrast to glycine, lysine formed similar amounts of HNMs at pH values of 6 and 
8, ~90.9 and 89.1 nM (17.3 and 15.6 µg/L), respectively, and the dominant species was 
the same, TCNM. The yields of HNMs from lysine were 203.4 and 199.8 nmol/mg DOC 
(38.8 and 34.8 µg/mg DOC), which implied conversion rate of ~1.3% and 1.2% at pH 6 
and 8, respectively. Serine was another amino acid wh ch showed significant increase in 
HNM formation in the presence of bromide, especially t pH 8, where about 38.9 nM 
(9.6 µg/L) of brominated HNM species (i.e., BDCNM, DBCNM and TBNM) were 
observed.  The HNM formation from other amino acids and sugars were relatively small 
in the range from 3.3 to 17.2 nM (0.7 to 3.6 µg/L) at pH 6 and 10.4 to 43.5 nM (1.9 to 
10.3 µg/L) at pH 8.  
The formation of THMs from most of the amino acids and sugars reacted with 
chlorine or ozone-chlorine increased in the presence of bromide. The details of THM 
mass concentrations and distribution at pH 6 and 8 in the presence of bromide during 
chlorination and ozonation-chlorination are provided in the Tables D13 to D16 in 
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Appendix D. With chlorination, the formation of THMs was in the range from 22.0 to 
71.0 nM (3.3 to 9.5 µg/L) and 28.4 to 100.3 nM (4.5 to 13.4 µg/L) at pH 6 and 8, 
respectively (Figure 7.9); while with ozonation-chlorination, the THMs formed in wider 
ranges, from 15.0 to 98.6 nM (2.7 to 12.5 µg/L) at pH 6 or from 30.4 to 176.3 nM (3.9 to 
21.9 µg/L) at pH 8 (Figure 7.10). In the presence of bromide, the THMs formed from the 
amino acids and sugars during chlorination and ozonati -chlorination were chloroform, 
bromodichloro- and dibromochloromethane. Chloroform was the dominant specie and no 
bromoform was observed. The calculated bromine incorporation factors for 
trihalogenated HNMs (THNMs) were higher than THMs, except amino acids and sugars 



















































































 Chlorine (Br < MRL)
 Chlorine (Br/DOC = 100 ug/mg)
 Ozone-Chlorine (Br < MRL)
 Ozone-Chlorine (Br/DOC = 100 ug/mg)
 
Figure 7.7 HNM formation potentials from amino acids and sugars with chlorination and ozonation-chlorination at pH 6 
(ozone, bromide and pH effects on HNM formation) (DOC = 0.3 ~ 0.4 mg/L, DON = <MRL ~ 0.30 mg/L). Error bars 























































































 Chlorine (Br < MRL)
 Chlorine (Br/DOC = 100 ug/mg)
 Ozone-Chlorine (Br < MRL)
 Ozone-Chlorine (Br/DOC = 100 ug/mg)
 
Figure 7.8 HNM formation potentials from amino acids and sugars with chlorination and ozonation-chlorination at pH 8 
(ozone, bromide and pH effects on HNM formation) (DOC = 0.3 ~ 0.4 mg/L, DON = <MRL ~ 0.30 mg/L). Error bars 



























































































Ambient (Br < MRL)




























































































Ambient (Br < MRL)
Br/DOC = 100 ug/mg
 
Figure 7.9 THM formation potentials from amino acids and sugars during chlorination in 
the presence and absence of bromide (DOC = 0.3 ~ 0.4 mg/L, DON = <MRL ~ 0.30 
mg/L, NO2


































































































Ambient (Br < MRL)



























































































Ambient (Br < MRL)
Br/DOC = 100 ug/mg
 
Figure 7.10 THM formation potentials from amino acids and sugars during ozonation-
chlorination in the presence and absence of bromide (DOC = 0.3 ~ 0.4 mg/L, DON = 
<MRL ~ 0.30 mg/L, NO2
- < MRL) at pH 6 (A) and pH 8 (B). Error bars represent data 
























Figure 7.11 The relationship of bromine incorporation factors for THNMs and THMs 
during chlorination and ozonation-chlorination at pH 6 and 8. 
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Nitrite and pH Effects 
To examine the effect of nitrite on HNMs and THMs formation, a high concentration 
of NO2
- (2 mg/L) was added into the amino acid and sugar solutions. Figures 7.12 and 
7.13 shows the impact of NO2
- on the formation of HNMs during chlorination and 
ozonation-chlorination. TCNM was the only HNM species formed during chlorination, 
nitrite did not show significant effect on the formation of HNMs from most of the amino 
acids and sugars at both pH 6 and 8 (Tables D17 and D18 in Appendix D).  
During ozonation-chlorination, nitrite showed some impact on HNM formation, 
which was less than the bromide effect except glycine. Small increase in HNM formation 
was observed for most of the amino acids and sugars. In contrast, the impact on glycine 
was significant. Glycine showed the highest formation of TCNM, about 146.9 nM (24.2 
µg/L) at pH 6 and 1612.9 nM (265.3 µg/L) at pH 8 among all the experimental scenarios. 
The TCNM formation from other amino acids and sugars was in the range of 3.6 to 54.6 
nM (0.6 to 9.0 µg/L) and 8.0 to 69.5 nM (1.3 to 11.4 µg/L) at pH 6 and 8, respectively. In 
contrast, the presence of NO2
- did not increase HNM formation from lysine at pH 8. 
Although the extent of nitrite facilitated HNM formation during ozonation-chlorination 
was different for the model compounds, the higher HNM formation in the presence of 
NO2
- suggests that NO2
- can be served as the source of nitro group of HNMs, particularly 
for glycine. This observation was consistent with the result from Chapter 6 and previous 
reports (Thibaud et al., 1987; Choi and Richardson, 2004). The details of HNM mass and 
molar concentrations and distribution at pH 6 and 8 in the presence of nitrite during 
ozonation-chlorination are provided in the Tables D19 and D20 in Appendix D. 
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Chloroform was the only species formed among THMs. With chlorination at both pH 
6 and 8, the formation of chloroform did not change from that without nitrite addition 
(Tables D21 and D22 in Appendix D). During ozonation-chlorination, at pH 6, no impact 
from nitrite was observed for most of the amino acids and sugars, except a decrease of 
3.3 µg/L THMs from N-acetylneuraminic acid was observed. At pH 8, the presence of 
nitrite increased THM formation from several amino acids and sugars (i.e., aspartic acid, 
lysine, histidine, analine, cystein, serine, and D(+)-galactosamine). This was unexpected 
and the cause of this increase is not clear at this time. The maximum increase observed 
was 50.6 nM (6.0 µg/L) for alanine at pH 8 among all the amino acids and sugars. No 
significant impact of nitrite on THM formation was observed for the rest of the amino 
acids and sugars (Figure 7.14). The details of THM mass concentrations and distribution 
at pH 6 and 8 in the presence of nitrite during ozonati n-chlorination are provided in the 
Tables D23 and D24 in Appendix D. The different trends between HNM and THM 
formation in the presence of NO2
- during ozonation-chlorination also suggested that t eir 



















































































 Chlorine (nitrite < MRL)
 Chlorine (nitrite = 2mg/L)
 Ozone-Chlorine (nitrite < MRL)
 Ozone-Chlorine (nitrite = 2mg/L)
 
Figure 7.12 HNM formation potentials from amino acids and sugars during chlorination and ozonation-chlorination at pH 6 
(ozone, nitrite and pH effects on HNM formation) (DOC = 0.3 ~ 0.4 mg/L, DON = <MRL ~ 0.30 mg/L). Error bars represent 























































































 Chlorine (nitrite < MRL)
 Chlorine (nitrite = 2mg/L)
 Ozone-Chlorine (nitrite < MRL)
 Ozone-Chlorine (nitrite = 2mg/L)
 
Figure 7.13 HNM formation potentials from amino acids and sugars during chlorination and ozonation-chlorination at  
pH 8 (ozone, nitrite and pH effects on HNM formation) (DOC = 0.3 ~ 0.4 mg/L, DON = <MRL ~ 0.30 mg/L). Error  































































































































































































Ambient (nitrite < MRL)
Nitrite= 2ppm
 
Figure 7.14 THM formation potentials from amino acids and sugars during ozonation-
chlorination in the presence and absence of nitrite (DOC = 0.3 ~ 0.4 mg/L, DON = 
<MRL ~ 0.30 mg/L, Br- < MRL) at pH 6 (A) and pH 8 (B). Error bars represent data 





Glycine and lysine were the two amino acids that formed significantly higher amount 
of HNMs during ozonation-chlorination compared to the other model compounds tested.  
The reactivity of glycine towards HNM formation was 15 and 120 times higher than 
lysine and other amino acids and sugars at pH 8, respectively. Since glycine is also one of 
the amino acids commonly found in surface waters in North America, it could be one of 
the major precursors of HNMs during ozonation-chlorination. Except for lysine and 
glycine, the impact of ozonation was negligible at pH 6. Preozonation enhanced the 
formation of HNMs for all the model compounds at pH8. The presence of bromide had a 
small impact on HNM formation during chlorination, whereas HNM formation was 
greatly increased during ozonation-chlorination in the presence of bromide. Bromine 
incorporation was more efficient at higher pH for chlorination and ozonation-
chlorination. In the presence of nitrite, HNM formation increased during ozonation-
chlorination, while no significant impact was observed with chlorination alone. The 
impacts of pH on HNM formation from the selected amino acids and sugars were 
different during chlorination and ozonation-chlorination. There was no pH effect on 
HNM formation during chlorination for all model compounds. However, different 
patterns were observed for pH effect during ozonati-chlorination. No clear patterns of 
THMs formation were observed with ozonation-chlorinat on of the model compounds. 
The presence of bromide increased the formation of THMs from most of the amino acids 
and sugars reacted with chlorine or ozone-chlorine.  
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 CHAPTER EIGHT 
CONCLUSIONS AND RECOMMENDATIONS 
 
Conclusions 
The important conclusions for each objective of this study are as follows:  
Objective (1): Examine the formation potential of HNMs under different 
disinfection conditions typically used in drinking water treatment, and the relationships 
between HNM formation potential and some water quality parameters that are typically 
measured at drinking water treatment plants. 
• Among five disinfectant processes tested, ozonation-chlorination produced the 
highest amount of HNMs, followed by chlorination, ozonation-chloramination, and 
chloramination. Preozonation prior to chlorination significantly enhanced HNM 
formation, while chloramination, alone or after ozonation, produced the least amount of 
HNMs.  
•  Higher HNM yields were observed in the treated water than the raw water 
from the same treatment plant, which indicated thate conventional treatment processes 
did not remove the majority of HNM precursors. Formation potential tests with HPO, 
TPH, mixed (TPH+HPI) and HPI fractions showed that HPI fractions had the highest 
reactivity toward HNM formation. This further indicated that HNM precursors consist of 
some hydrophilic organic matter with low molecular weight that tend to persist during 
conventional water treatment processes. 
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• DOC or DON alone showed very weak regression with HNM formation in 
different in different water sources and NOM fractions, while DON/DOC ratios (i.e., 
increasing nitrogen content per organic carbon in water) and SUVA254 yielded the best 
regression during ozonation-chlorination. HNM yields increased with increasing 
DON/DOC contents and decreasing SUVA254 values of the waters. This indicated that 
hydrophilic nitrogeneous organic materials play an important role in HNM formation. It 
could be a simple way to predict the HNM yields by knowing the ratio of DON/DOC and 
SUVA254 of a particular water sample. 
Objective (2): Examine the roles of pH, bromide and nitrite in the formation and 
distribution of HNMs at typical drinking water treatment conditions. 
•  At typical drinking water conditions, HNM formation will be the most 
problematic at water treatment plants using ozonati and chlorination. HNM 
concentrations as much as 20 µg/L were observed in the presence of bromide. 
• HNM formation increased with increasing bromide levels during ozonation-
chlorination, and HNM species shifted to brominated HNMs. Chlorination did not form 
significant amount of HNM even at high bromide levels. 
• THNMs were the major HNM species formed. DHNMs were detected in 
some cases but it was usually below the MRLs. These r sults demonstrated that if TCNM 
was the only specie monitored, the overall formation of HNMs in the samples would be 
underestimated. 
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• Monochloramine alone did not form any measurable amount of HNMs. For 
ozonation-chloramination, the total HNM formation did not exceed 1 µg/L, and it was 
usually below the MRL of measurements. 
• For all cases, HNM formation increased with pH. 
• The presence of nitrite increased HNM concentrations during chlorination and 
ozonation-chlorination. 
•  Conventional treatment processes did not change the level of HNM 
formation. 
• The formation patterns of regulated THM were, in geeral, opposite to those 
observed for HNMs. Conventional treatment resulted in significant decrease in THM 
formation. THM concentration decreased as a result of preozonoantion. The presence of 
nitrite had no impact in THM formation. THM formation increased during both 
chlorination and ozonation-chlorination in the presence of bromide, and with pH for all 
the cases. 
• Bromine incorporation factors for HNMs were higher than THMs during 
ozonation-chlorination, indicating that preferential formation brominated HNM over 
THM species. 
 Objective (3): Investigate the formation of HNMs from selected nitrogenous 
organic model compounds.  
• Glycine and lysine were the two amino acids that formed significantly higher 
amount of HNMs during ozonation-chlorination as compared to other model compounds.  
The reactivity of glycine towards HNM formation was fifteen and hundered twenty times 
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higher than lysine and other amino acids and sugars at pH 8, respectively. Since glycine 
is also one of the amino acids commonly found in surface waters in North America, it can 
serve as one of the major precursors of HNMs during ozonation-chlorination. 
• Except for lysine and glycine, the impact of ozonation was negligible at pH 6. 
Preozonation enhanced the formation of HNMs for all these model compounds at pH 8.  
• The presence of bromide had a small impact on HNM formation during 
chlorination, while for ozonation-chlorination, HNM formation was greatly increased 
when bromide was presented. Bromine incorporation was more efficient at higher pH for 
chlorination or ozonation-chlorination.  
• No clear patterns of THMs formation were observed with ozonation-
chlorination of the model compounds. The presence of bromide increased the formation 
of THMs from most of the amino acids and sugars reacted with chlorine or ozone-
chlorine.  
• In the presence of nitrite, HNM formation increased during ozonation-
chlorination, while no significant impact was observed with chlorination alone.  
• The impacts of pH on HNM formation from the seleted amino acids and 
sugars were different during chlorination and ozonati -chlorination. There was no pH 
effect on HNM formation during chlorination for all model compounds. However, 





Some recommendations for practical applications and future research from this study 
are as follow: 
Recommendations to Practitioners 
• Since the highest degree of HNM formation has been observed as a result of 
ozonation and chlorination, the formation of HNM should be especially monitored at 
ozonation plants. Although ozonation-chloramination resulted in minimal HNM 
formation, most of time in practice chlorine is adde  before ammonia, and some contact 
time may be allowed to earn disinfection credit. In such application, it is likely to observe 
higher HNM concentrations as compared to adding chlorine and ammonia in water at the 
same location. 
• Chloramination or ozonation-chloramination, where chloramines are formed 
in-situ or prior adding to the water, can be used to minimize HNM formation during 
water treatment. It is necessary to have the best mixing conditions in water at the location 
of chlorine and ammonia addition to minimize the contact time of chlorine with HNM 
precursors prior to ammonia addition. Another option s to form chloramine in a side 
stream and inject preformed chloramines in water. 
• DON/DOC ratio along with SUVA254 can be a simple metric for water utilities 
to determine and assess the presence of HNM precursors in their source waters. It is 
expected that each water sources will result in a different correlation.  Since glycine and 
lysine showed significantly high reactivity towards HNM formation during ozonation and 
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chlorination, monitoring concentration of especially g ycine can be important to monitor 
HNM precursors in surface waters. 
• Very limited results in literature suggest that one possible approach to remove 
HNM precursors is to use biofiltration after ozonation since biofiltration can remove 
some oxidized organic compounds during ozonation. Water utilities should explore to 
optimize the operation of biolfilters. Biofiltration is a promising method to remove low 
molecular weight DBP precursors that are formed during ozonation when high molecular 
weight aromatic compounds are oxidized by ozone. Considering the difficulty of solving 
several treatment challenges and goals in a single process, biofiltration offers a number of 
other benefits including removal of total organic carbon (TOC), removal of taste and odor 
causing compounds (geosmin and MIB), removal of trace pharmaceutical 
compounds/endocrine disruptors, and a reduction in the probability of biological growth 
and corrosion of pipes in the distribution system. 
• The roles of different operational parameters (e.g., O3:DOC ratio, the location 
and distance between chlorine and ammonia addition before or after ozonation, the effect 
of other preoxidants (ClO2, H2O2, KMnO4) used in treatment operations) on HNM 
formation needs to be understood. 
• Previous work in our research group showed that UV disinfection in 
wastewater effluents did not influence HNM formation, which was attributed to the low 
UV energies used (Addison, 2008). Since the UV energies used for disinfection in 
drinking water treatment are not significantly higher, it is not expected to observe 
significant change in HNM formation as a result of UV disinfection. However, in recent 
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years, there is interest in using advance oxidation pr cesses (e.g., O3/H2O2, UV/H2O2) in 
treatment operations. The impact of these processes on HNM formation and distribution 
needs to be examined. 
Recommendations for Future Research  
• Although HNM formation and distribution were varied systematically in this 
research for the target objectives, there are still several aspects of HNM formation and 
distribution that need further investigation: the kinetics of HNM formation and 
distribution under typical treatment conditions, the effect of temperature on HNM 
formation, the stability and fate of HNMs in the distr bution system containing in the 
presence of dissolved oxygen and disinfectants, and the fate HNM precursors during 
different treatment processes (e.g., membranes, biofiltration, carbon adsorption). 
• Isolation and characterization of DON components and examining the impact 
of amino acids levels and composition, especially glycine, in various natural waters, on 
the formation of HNM formation and distribution during ozonation-chlorination can 
provide important clues and insights to the potential mechanisms of HNM formation. 
• Although waters with significantly different characteristics from South 
Carolina were examined, waters from other parts of the country and under different 
influences (e.g., wastewater discharges, algae growth, nonpoint discharges, and storm 














Process Flow Diagrams For Drinking Waters  
 
Figure A1 Process flow diagram for SJWD drinking water treatment plant. 
PAC 
Alum 




Eight Conventional Settling Basins 
Eleven High Rate Filters – Dual Media 

































 Booker Clearwell 
       
  
 










Lime (feed pt option # 3) 
Phosphoric 
acid 
Chlorine (feed pt option # 1) 
Chlorine dioxide ( feed pt option # 1) 
Fluoride 
Phosphoric acid 





Chlorine dioxide (feed pt option # 2) 
Chlorine (feed pt option #2) 
Stoney Clearwell # 3  
Lime (feed pt option # 2) Caustic (pH control option # 1) 
FLOCCULATION AT   
EACH SED BASIN 
 
 McCullough Raw  










































Table B1  
Individual HNM Formation Potential Test Results of Raw and Treated Drinking Waters:  
HNM Molar Concentrations 
HNM (nM) Collection 
Month 
Sample 
O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Feb. MB R1 <MRL 12.6 65.8 10.4 16.1 
Feb. MB R2 <MRL 12.9 66.5 10.2 16.6 
Feb. MB T1 <MRL 11.6 49.8 <MRL 9.9 
Feb. MB T2 <MRL 11.9 49.0 <MRL 9.9 
Jul. MB R1 <MRL 23.2 67.9 <MRL 23.2 
Jul. MB R2 <MRL 21.2 68.3 <MRL 23.3 
Jul. MB T1 <MRL 9.1 61.6 8.6 13.6 
Jul. MB T2 <MRL 11.4 62.9 8.6 13.8 
Feb. CH R1 <MRL 15.5 56.4 3.8 18.2 
Feb. CH R2 <MRL 15.0 52.9 3.7 18.2 
Feb. CH T1 <MRL 12.1 51.3 <MRL 11.8 
Feb. CH T2 <MRL 13.3 51.3 <MRL 13.0 
Jun. CH R1 <MRL 13.8 40.1 4.0 12.6 
Jun. CH R2 <MRL 13.8 37.7 4.1 12.6 
Jun. CH T1 <MRL 9.4 24.1 <MRL 9.5 
Jun. CH T2 <MRL 8.9 25.4 <MRL 9.8 
Jul. CH R1 <MRL 15.1 61.6 4.0 22.8 
Jul. CH R2 <MRL 16.0 63.5 3.8 20.0 
Jul. CH T1 <MRL 12.2 40.3 5.0 12.0 
Jul. CH T2 <MRL 11.4 37.9 5.1 11.5 
Mar. SP R1 <MRL 6.5 36.3 4.5 <MRL 
Mar. SP R2 <MRL 7.7 37.3 3.7 <MRL 
Mar. SP T1 <MRL 7.1 41.1 <MRL 3.4 
Mar. SP T2 <MRL 6.3 40.0 <MRL 3.6 
Jun. SP R1 <MRL 5.6 43.9 <MRL 5.9 
Jun. SP R2 <MRL 5.6 41.7 <MRL 5.6 
Jun. SP T1 <MRL 7.1 26.3 <MRL <MRL 
Jun. SP T2 <MRL 6.7 28.2 <MRL <MRL 
Jul. SP R1 <MRL 4.8 54.3 <MRL 11.5 
Jul. SP R2 <MRL 5.2 56.9 <MRL 11.5 
Jul. SP T1 <MRL 7.2 37.9 <MRL 4.6 
Jul. SP T2 <MRL 7.0 37.8 <MRL 4.2 
R: Raw water; T: Treated water. 1 and 2 were the duplicate samples. MRL: Minimum reporting level.   
*Monochloramination was for 72 hrs.  
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Table B2  
Individual HNM Formation Potential Test Results of Raw and Treated Drinking Waters:  
HNM Molar Concentrations 
HNM (nM) Collection 
Month 
Sample 
O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Mar. SJWD R1 <MRL 11.0 25.1 <MRL 4.5 
Mar. SJWD R2 <MRL 10.4 24.3 <MRL 3.8 
Mar. SJWD T1 <MRL 4.8 24.0 <MRL 3.6 
Mar. SJWD T2 <MRL 4.8 24.3 <MRL 3.4 
May SJWD R1 <MRL 13.7 54.9 <MRL 8.9 
May SJWD R2 <MRL 13.0 56.7 <MRL 9.3 
May SJWD T1 <MRL 11.9 68.3 7.3 19.9 
May SJWD T2 <MRL 12.2 66.6 7.3 19.6 
Jul. SJWD R1 <MRL 9.4 32.5 <MRL 5.3 
Jul. SJWD R2 <MRL 9.3 34.3 <MRL 5.1 
Jul. SJWD T1 <MRL 8.5 26.4 <MRL 3.6 
Jul. SJWD T2 <MRL 8.4 27.1 <MRL 3.3 
Mar. GV R1 <MRL 5.8 25.7 <MRL 3.3 
Mar. GV R2 <MRL 5.4 26.2 <MRL 3.3 
Mar. GV T1 <MRL 7.3 25.5 <MRL 3.8 
Mar. GV T2 <MRL 5.6 23.3 <MRL 3.8 
May GV T1 <MRL 5.4 23.1 <MRL <MRL 
May GV T2 <MRL 6.0 24.2 <MRL <MRL 
Jul. GV R1 <MRL 4.3 30.4 <MRL 6.2 
Jul. GV R2 <MRL 4.7 30.8 <MRL 6.6 
Jul. GV T1 <MRL 5.6 22.9 <MRL <MRL 
Jul. GV T2 <MRL 5.2 21.4 <MRL <MRL 
R: Raw water; T: Treated water. 1 and 2 were the duplicate samples. MRL: Minimum reporting level.   
*Monochloramination was for 72 hrs. 
  
 178 
Table B3  
Individual HNM Formation Potential Test Results of Raw and Treated Drinking Waters:  
HNM Yields 
HNM/DOC (nmol/mg DOC) Collection 
Month 
Sample 
O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Feb. MB R1 <MRL 1.5 7.6 1.2 1.9 
Feb. MB R2 <MRL 1.5 7.6 1.2 1.9 
Feb. MB T1 <MRL 2.9 12.5 <MRL 2.5 
Feb. MB T2 <MRL 3.0 12.3 <MRL 2.5 
Jul. MB R1 <MRL 3.1 9.2 <MRL 3.1 
Jul. MB R2 <MRL 2.8 10. 3 <MRL 3.3 
Jul. MB T1 <MRL 2.7 17.9 2.5 3.9 
Jul. MB T2 <MRL 3.3 18.2 2.5 4.0 
Feb. CH R1 <MRL 2.8 10.3 0.7 3.3 
Feb. CH R2 <MRL 2.7 9.6 0.7 3.3 
Feb. CH T1 <MRL 4.5 19.0 <MRL 4.6 
Feb. CH T2 <MRL 4.9 19.0 <MRL 4.6 
Jun. CH R1 <MRL 4.1 12.0 1.2 3.8 
Jun. CH R2 <MRL 4.1 11.3 1.2 3.8 
Jun. CH T1 <MRL 6.6 16.9 <MRL 6.7 
Jun. CH T2 <MRL 6.3 17.8 <MRL 6.9 
Jul. CH R1 <MRL 3.7 14.9 1.0 5.5 
Jul. CH R2 <MRL 3.9 15.4 0.9 4.8 
Jul. CH T1 <MRL 5.3 17.5 2.2 5.2 
Jul. CH T2 <MRL 4.9 16.4 2.2 5.0 
Mar. SP R1 <MRL 3.7 20.5 2.5 <MRL 
Mar. SP R2 <MRL 4.4 21.1 2.1 <MRL 
Mar. SP T1 <MRL 6.0 34.8 <MRL 2.9 
Mar. SP T2 <MRL 5.3 33.9 <MRL 3.1 
Jun. SP R1 <MRL 2.6 20.1 <MRL 2.7 
Jun. SP R2 <MRL 2.6 19.1 <MRL 2.6 
Jun. SP T1 <MRL 5.9 21.9 <MRL <MRL 
Jun. SP T2 <MRL 5.6 23.5 <MRL <MRL 
Jul. SP R1 <MRL 2.7 30.4 <MRL 6.4 
Jul. SP R2 <MRL 2.9 31.9 <MRL 6.4 
Jul. SP T1 <MRL 5.5 29.2 <MRL 3.5 
Jul. SP T2 <MRL 5.4 29.1 <MRL 3.2 
R: Raw water; T: Treated water. 1 and 2 were the duplicate samples. MRL: Minimum reporting level.   
*Monochloramination was for 72 hrs.  
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Table B4  
Individual HNM Formation Potential Test Results of Raw and Treated Drinking Waters:  
HNM Yields 
HNM/DOC (nmol/mg DOC) Collection 
Month 
Sample 
O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Mar. SJWD R1 <MRL 6.5 14.8 <MRL 2.6 
Mar. SJWD R2 <MRL 6.1 14.3 <MRL 2.2 
Mar. SJWD T1 <MRL 3.7 18.5 <MRL 2.8 
Mar. SJWD T2 <MRL 3.7 18.7 <MRL 2.6 
May SJWD R1 <MRL 5.0 19.9 <MRL 3.2 
May SJWD R2 <MRL 4.7 20.6 <MRL 3.4 
May SJWD T1 <MRL 6.2 35.8 3.8 10.4 
May SJWD T2 <MRL 6.4 34.9 3.8 10.4 
Jul. SJWD R1 <MRL 5.5 19.1 <MRL 3.1 
Jul. SJWD R2 <MRL 5.5 20.1 <MRL 3.0 
Jul. SJWD T1 <MRL 5.9 18.5 <MRL 2.5 
Jul. SJWD T2 <MRL 5.9 18.9 <MRL 2.3 
Mar. GV R1 <MRL 5.9 26.0 <MRL 3.3 
Mar. GV R2 <MRL 5.5 26.5 <MRL 3.3 
Mar. GV T1 <MRL 10.0 35.2 <MRL 5.4 
Mar. GV T2 <MRL 7.7 34.6 <MRL 5.4 
May GV T1 <MRL 9.2 37.4 <MRL <MRL 
May GV T2 <MRL 9.7 39.2 <MRL <MRL 
Jul. GV R1 <MRL 3.7 25.3 <MRL 5.2 
Jul. GV R2 <MRL 4.1 25.7 <MRL 5.6 
Jul. GV T1 <MRL 6.1 25.0 <MRL <MRL 
Jul. GV T2 <MRL 5.9 24.2 <MRL <MRL 
R: Raw water; T: Treated water. 1 and 2 were the duplicate samples. MRL: Minimum reporting level.   






Table B5  
Individual HNM Formation Potential Test Results of NOM Fractions from Karanfil et al. (2007): HNM Molar Concentrations 
SUVA254 DOC DON DOC/DON HNM (nM) Sample 
(L/mg-m) (mg/L) (mg/L) (mg/mg) O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Myrtle Beach Raw – HPO1 4.7 4.0 0.14 29 <MRL 11.0 50.4 7.4 8.0 
Myrtle Beach Raw – HPO2 4.7 4.0 0.14 29 <MRL 11.1 50.0 7.3 10.2 
Myrtle Beach Raw – TPH1 1.7 5.1 0.50 10 <MRL 10.7 76.8 5.1 16.0 
Myrtle Beach Raw – TPH2 1.7 5.1 0.50 10 <MRL 11.0 82.1 4.9 17.3 
Spartanburg Raw – HPO1 3.1 5.2 0.20 26 <MRL 17.3 37.8 9.0 8.1 
Spartanburg Raw – HPO2 3.1 5.2 0.20 26 <MRL 16.9 38.3 8.5 7.6 
Spartanburg Raw – TPH1 1.3 4.5 0.40 11 <MRL 13.4 86.7 5.2 18.4 
Spartanburg Raw – TPH2 1.3 4.5 0.40 11 <MRL 11.5 88.6 5.1 19.5 
Charleston Raw – HPO1 4.4 4.0 0.12 33 <MRL 16.2 65.0 5.5 5.6 
Charleston Raw – HPO2 4.4 4.0 0.12 33 <MRL 17.3 70.1 5.4 5.8 
Charleston Raw – TPH1 1.6 4.5 0.30 15 <MRL 14.6 24.9 4.7 11.4 
Charleston Raw – TPH2 1.6 4.5 0.30 15 <MRL 16.6 26.9 4.7 11.8 
Charleston Treated – HPO1 2.7 4.5 0.12 38 <MRL 8.3 29.7 4.5 5.3 
Charleston Treated – HPO2 2.7 4.5 0.12 38 <MRL 7.6 28.9 4.7 5.1 
Charleston Treated – TPH1 1.6 4.5 0.30 15 <MRL 10.3 62.5 4.1 12.3 
Charleston Treated – TPH2 1.6 4.5 0.30 15 <MRL 8.6 60.5 4.2 12.2 
HPO: Hydrophobic fraction; TPH: Transphilic fraction. 1 and 2 were the duplicate samples. MRL: Minimum reporting level. *Monochloramination was 
for 72 hrs.  
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Table B6  
Individual HNM Formation Potential Test Results of NOM Fractions from Karanfil et al. (2007): HNM Yields 
SUVA254 DOC DON DOC/DON HNM/DOC (nmol/mg DOC) Sample 
(L/mg-m) (mg/L) (mg/L) (mg/mg) O3 Cl2 O3-Cl2 NH2Cl* O3-NH2Cl* 
Myrtle Beach Raw – HPO1 4.7 4.0 0.14 29 <MRL 2.8 12.6 1.9 2.0 
Myrtle Beach Raw – HPO2 4.7 4.0 0.14 29 <MRL 2.8 12.5 1.8 2.6 
Myrtle Beach Raw – TPH1 1.7 5.1 0.50 10 <MRL 2.1 15.1 1.0 3.1 
Myrtle Beach Raw – TPH2 1.7 5.1 0.50 10 <MRL 2.2 16.1 1.0 3.4 
Spartanburg Raw – HPO1 3.1 5.2 0.20 26 <MRL 3.3 7.3 1.7 1.6 
Spartanburg Raw – HPO2 3.1 5.2 0.20 26 <MRL 3.3 7.4 1.6 1.5 
Spartanburg Raw – TPH1 1.3 4.5 0.40 11 <MRL 3.0 19.3 1.2 4.1 
Spartanburg Raw – TPH2 1.3 4.5 0.40 11 <MRL 2.6 19.7 1.1 4.3 
Charleston Raw – HPO1 4.4 4.0 0.12 33 <MRL 4.1 16.3 1.4 1.4 
Charleston Raw – HPO2 4.4 4.0 0.12 33 <MRL 4.3 17.5 1.4 1.5 
Charleston Raw – TPH1 1.6 4.5 0.30 15 <MRL 3.2 5.5 1.0 2.5 
Charleston Raw – TPH2 1.6 4.5 0.30 15 <MRL 3.7 6.0 1.0 2.6 
Charleston Treated – HPO1 2.7 4.5 0.12 38 <MRL 1.8 6.6 1.0 1.2 
Charleston Treated – HPO2 2.7 4.5 0.12 38 <MRL 1.7 6.4 1.0 1.1 
Charleston Treated – TPH1 1.6 4.5 0.30 15 <MRL 2.3 13.9 0.9 2.7 
Charleston Treated – TPH2 1.6 4.5 0.30 15 <MRL 1.9 13.4 0.9 2.7 
HPO: Hydrophobic fraction; TPH: Transphilic fraction. 1 and 2 were the duplicate samples. MRL: Minimum reporting level. *Monochloramination was 
for 72 hrs.  
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Table B7  
Individual HNM Formation Potential Results of Charleston and Myrtle Beach Water 








CH raw1 4.14 3.6 17.0 4.1 
CH raw2 4.14 3.6 17.3 4.2 
CH TPH+HPI 1 2.02 1.6 12.5 6.2 
CH TPH+HPI 2 2.02 1.6 12.4 6.1 
CH HPI 1 1.22 1.2 12.9 10.6 
CH HPI 2 1.22 1.2 12.8 10.5 
MB raw 1 5.60 4.0 19.4 3.5 
MB raw 2 5.60 4.0 17.0 3.0 
MB TPH+HPI 1 2.52 2.0 16.2 6.4 
MB TPH+HPI 2 2.52 2.0 16.1 6.4 
MB HPI 1 1.44 1.4 14.4 10.0 
chlorination 
MB HPI 2 1.44 1.4 13.8 9.6 
CH raw 1 4.14 3.6 63.7 15.4 
CH raw 2 4.14 3.6 59.7 14.4 
CH TPH+HPI 1 2.02 1.6 91.3 45.2 
CH TPH+HPI 2 2.02 1.6 91.2 45.1 
CH HPI 1 1.22 1.2 91.6 75.1 
CH HPI 2 1.22 1.2 89.8 73.6 
MB raw 1 5.60 4.0 57.2 10.2 
MB raw 2 5.60 4.0 56.8 10.1 
MB TPH+HPI 1 2.52 2.0 86.1 34.2 
MB TPH+HPI 2 2.52 2.0 83.1 33.0 
MB HPI 1 1.44 1.4 71.2 49.4 
ozonation-
chlorination 
MB HPI 2 1.44 1.4 70.0 48.6 
Charleston (CH) and Myrtle Beach (MB) raw waters were collected in November 2007. TPH +HPI: the 
mixed fraction of transphilic and hydrophilic fractions; HPI: hydrophilic fraction. 1 and 2 were the 



























































Figure B1 HNM formation as a function of DOC concentration during ozonation-




































                             


















               
Figure B2 HNM concentrations as a function of DON concentration during ozonation-
chlorination (A), chlorination (B) and ozonation-chloramination (C) of NOM fractions. 


















































































































Figure B3 HNM yields as a function of DOC/DON ratio during ozonation-chlorination 































































































Figure B4 HNM yields as a function of DON/DOC ratio during ozonation-chlorination 
(A), chlorination (B) and ozonation-chloramination (C) of NOM fractions. One outlier in 


























































































Figure B5 HNM yields as a function of SUVA254 during ozonation-chlorination (A), 

























































































































































































































Figure B9 Correlations between SUVA254 and DOC (A), NO3





Multiple Regression Analyses of HNM Formation  
This section in appendix B will discuss the multiple regression analyses for the 
relationship between HNM concentrations (nM) for eith r raw waters or treated waters 
and some typical water characteristic parameters during two disinfectant processes, 
ozonation-chlorination and chlorination. Unlike the s ction of Multiple Regression 
Analyses of HNM Formation in chapter five where raw waters and treated waters were 
combined together, here HNM concentrations in raw and treated waters were separately 
set as an individual response (Y) in the models.  
HNM Concentrations during Ozonation-Chlorination  
For the eight raw waters with DON concentrations higher than MRL, during 
ozonation-chlorination, the best regression of HNM concentration as function of DON, 
DOC, UV254, NO3
-, NO2
-, Br- was modeled as follow: 
HNM (nM) = 35.52 + 9.22 DOC - 127.64 UV254              (raw waters) 
with each term being significant at the 0.05 level and the model R2 = 0.75 (adjusted R2 = 
0.71). It indicated that HNM concentration was positively related to DOC concentration 
and negatively correlated to UV absorbance, which means higher DOC with lower UV254 
values of the water samples will form more HNMs. Therefore, low SUVA254 water will 
produce more HNMs than high SUVA254 water, which is consistent with the discussion in 
the simple regression analysis section. Higher variable magnification factor (127.64) for 
UV254 than DOC (9.22) suggests greater effect from UV254 than DOC. It also further 
confirms that hydrophilic NOM components constituting low SUVA254 components in 
water samples also are the major HNM precursors in natural water. No regression was 
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found between HNM formation and DON, DOC, UV254, NO3
-, NO2
-, Br- for the raw 
waters with low DON (<MRL) data. 
As for the treated waters with DON concentrations > MRL, the best regression of 
HNM formation treated with O3-Cl2 as function of DON, DOC, UV254, NO3
-, NO2
- and 
Br- was found to be: 
HNM (nM) = -11.56+196.94DON + 20.63DOC – 783.10UV254 + 0.37Br
- (treated waters) 
with each term being significant at the 0.05 level and the model R2 = 0.92 (adjusted R2 = 
0.89). The relationship obtained from treated waters was different from raw waters. DON, 
DOC, UV254 and Br
- showed essential impact on HNM formation in treated water. A 
much higher coefficient (196.94) in the equation for DON than DOC (20.63) indicates 
the effect of DON is much more significant. Therefo, after conventional treatment, the 
remaining DON in the treated waters constitutes the most reactive HNM precursors. One 
reason for bromide becoming an important variable for the treated water is probably due 
to the fact that hydrophilic NOM components have higher bromine incorporation than 
hydrophobic NOM components (Kitis et al., 2002).  Same as the raw water with low 
DON, no regression of HNM formation have been found as the function of DON, DOC, 
UV254, NO3
-, NO2
- and Br- for treated waters with low DON concentration. 
HNM Concentrations during Chlorination 
The same multiple regression analyses for raw and treated waters with ozonation-
chlorination were applied to raw and treated waters with chlorination. The results showed 
that for the eight raw waters with DON > MRL, the best regression of HNM 
concentrations as function of DON, DOC, UV254, NO3
-, NO2
-, Br- was: 
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HNM (nM) = -1.08 + 24.88 DON + 15.11 UV254 + 0.19 Br
- (raw waters) 
with each term being significant at the 0.05 level and the model R2 = 0.94 (adjusted R2 = 
0.89). A different model with a higher R2 value was obtained as compared to the raw 
water with ozonation-chloriantion. It indicated that HNM formation was related to the 
level of DON, UV254 and Br
-. This model also suggests that some hydrophobic NOM 
components that are removed by conventional treatment in raw waters can contribute to 
HNM formation.  
For the treated water during chlorination with DON > MRL, the best regression of 
HNM concentrations as a function of DON, DOC, UV254, NO3
-, NO2
-, Br- was: 
HNM (nM) = 6.35 + 1.65 DOC + 0.16 NO2
-   (treated waters) 
with each term being significant at the 0.05 level and the model R2 = 0.67 (adjusted R2 = 
0.61). This model suggested that HNM formation increased with DOC and NO2
-
concentration during chlorination for the treated waters. The presence of NO2
- facilitated 
HNM formation during chlorination, which was consistent with the results in Chapter six. 
No regression of HNM concentration as function of the selected water characteristics was 
found for the raw and treated waters with DON < MRL treated with chlorine. 
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Table B8  
Significant Levels of Water Characteristic Parameters in Regression Analyses 
 Water Characteristic 
parameter 
Pr > │t│ 
DON 0.0134 
DOC 0.0002 Equation (5-1) 
UV254 0.0058 
DON 0.0002 
DOC 0.0004 Equation (5-2) 
Br- <0.0001 







Equation (5-6) DON/DOC 0.0027 
Equation (5-7) DON/DOC <0.0001 





Appendix C  
Table C1 (Data for Figure 6.6 (A)) 
THM formation in Charleston raw water (10/29/2007) 
(DOC=4.1 mg/L, Br=64 µg/L, Br/DOC=16 µg/mg, DON=0.17 mg/L-N, SUVA254=3.92 L/mg-m) 
(Br- (50): Br-/TOC = 50 µg/mg, Br- (100): Br-/TOC = 100 µg/mg) 
 
(Mass concentration results) 





µg/L µg/L µg/L µg/L µg/L µg/mg - 
O3-Cl2  6 18 8 3 <MRL 29 7 0.37 
Br(50)-O3-Cl2 6 12 16 15 2 45 11 0.97 
Br(100)-O3-Cl2 6 6 18 32 10 66 16 1.54 
O3-Cl2  8 35 12 5 <MRL 52 13 0.31 
Br(50)-O3-Cl2  8 25 22 16 3 66 17 0.74 
Br(100)-O3-Cl2  8 15 27 35 13 90 22 1.29 
MRL: Minimum Reporting Level. n: bromine incorporation factor. 
 
Table C2 (Data for Figure 6.6 (B)) 
THM formation in Charleston treated water (10/29/2007) 
(DOC=2.2 mg/L, Br=72 µg/L, Br/DOC=33 µg/mg, DON=0.17 mg/L-N, SUVA254=1.91 L/mg-m) 
(Br- (50): Br-/TOC = 50 µg/mg, Br- (100): Br-/TOC = 100 µg/mg) 
 
(Mass concentration results) 





µg/L µg/L µg/L µg/L µg/L µg/mg - 
O3-Cl2  6 4 7 6 <MRL 17 8 0.93 
Br(50)-O3-Cl2 6 3 9 9 2 23 11 1.22 
Br(100)-O3-Cl2 6 1 8 16 6 31 14 1.71 
O3-Cl2  8 12 9 6 1 28 13 0.65 
Br(50)-O3-Cl2  8 7 11 13 5 37 17 1.24 
Br(100)-O3-Cl2  8 3 11 19 12 46 21 1.68 
MRL: Minimum Reporting Level. n: bromine incorporation factor.
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Table C3 (Data for Figure 6.7 (A)) 
HNM formation in Charleston raw water (10/29/2007) 
(DOC=4.1 mg/L, Br=64 µg/L, Br/DOC=16 µg/mg, DON=0.17 mg/L-N, SUVA254=3.92 L/mg-m) 
(Br- (50): Br-/TOC = 50 µg/mg, Br- (100): Br-/TOC = 100 µg/mg) 
 
(Mass concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC Oxidants  
pH µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Cl2  6 ND ND ND ND ND < MRL 0.6 ND ND 0.6 0.15 
Br- (50)-Cl2  6 ND ND < MRL ND ND < MRL 0.7 < MRL ND 0.7 0.18 
Br- (100)-Cl2 6 ND ND ND ND ND < MRL 0.7 < MRL ND 0.7 0.18 
Cl2  8 ND ND < MRL ND ND < MRL 0.6 ND ND 0.6 0.16 
Br- (50)-Cl2  8 ND ND ND ND ND < MRL 0.8 < MRL ND 0.8 0.19 
Br- (100)-Cl2 8 ND ND < MRL ND ND < MRL 0.8 < MRL < MRL 0.8 0.19 
ND: Not Detected. MRL: Minimum Reporting Level 
 
(Molar concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM n Oxidants  
pH nM nM nM nM nM nM nM nM nM nM - 
Cl2  6 ND ND ND ND ND < MRL 2.8 ND ND 2.8 1.00 
Br- (50)-Cl2  6 ND ND < MRL ND ND < MRL 3.4 < MRL ND 3.4 1.00 
Br- (100)-Cl2 6 ND ND ND ND ND < MRL 3.4 < MRL ND 3.4 1.00 
Cl2  8 ND ND < MRL ND ND < MRL 3.1 ND ND 3.1 1.00 
Br- (50)-Cl2  8 ND ND ND ND ND < MRL 3.7 < MRL ND 3.7 1.00 
Br- (100)-Cl2 8 ND ND < MRL ND ND < MRL 3.6 < MRL < MRL 3.6 1.00 





Table C4 (Data for Figure 6.7 (B)) 
HNM formation in Charleston treated water (10/29/2007) 
(DOC=2.2 mg/L, Br=72 µg/L, Br/DOC=33 µg/mg, DON=0.17 mg/L-N, SUVA254=1.91 L/mg-m) 
(Br- (50): Br-/TOC = 50 µg/mg, Br- (100): Br-/TOC = 100 µg/mg) 
 
(Mass concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC Oxidants  
pH µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Cl2  6 ND ND ND ND ND < MRL 0.6 ND ND 0.6 0.28 
Br- (50)-Cl2  6 ND ND ND ND ND < MRL 0.6 < MRL ND 0.6 0.28 
Br- (100)-Cl2 6 ND ND ND ND ND < MRL 0.6 < MRL < MRL 0.6 0.27 
Cl2  8 ND ND < MRL ND < MRL < MRL 0.7 < MRL ND 0.7 0.31 
Br- (50)-Cl2  8 ND ND < MRL ND < MRL < MRL 0.6 < MRL < MRL 0.6 0.29 
Br- (100)-Cl2 8 ND ND ND ND ND < MRL 0.6 < MRL < MRL 0.6 0.29 
ND: Not Detected. MRL: Minimum Reporting Level. 
 
(Molar concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM n Oxidants  
pH nM nM nM nM nM nM nM nM nM nM - 
Cl2  6 ND ND ND ND ND < MRL 3.0 ND ND 3.0 1.00 
Br- (50)-Cl2  6 ND ND ND ND ND < MRL 2.9 < MRL ND 2.9 1.00 
Br- (100)-Cl2 6 ND ND ND ND ND < MRL 2.9 < MRL < MRL 2.9 1.00 
Cl2  8 ND ND < MRL ND < MRL < MRL 3.2 < MRL ND 3.2 1.00 
Br- (50)-Cl2  8 ND ND < MRL ND < MRL < MRL 3.1 < MRL < MRL 3.1 1.00 
Br- (100)-Cl2 8 ND ND ND ND ND < MRL 3.1 < MRL < MRL 3.1 1.00 
ND: Not Detected. MRL: Minimum Reporting Level. n: bromine incorporation factor. 
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Table C5 (Data for Figure 6.8 (A)) 
HNM formation in Charleston raw water (10/29/2007) 
(DOC=4.1 mg/L, Br=64 µg/L, Br/DOC=16 µg/mg, DON=0.17 mg/L-N, SUVA254=3.92 L/mg-m) 
(Br- (50): Br-/DOC = 50 µg/mg, Br- (100): Br-/DOC = 100 µg/mg) 
 
(Mass concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC Oxidants  
pH µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
O3-Cl2  6 ND ND < MRL ND ND 0.8 0.9 < MRL ND 1.7 0.42 
Br- (50)-O3-Cl2 6 ND ND < MRL ND ND 0.6 1.3 < MRL < MRL 1.9 0.47 
Br-(100)-O3-Cl2 6 ND ND ND ND ND < MRL 1.1 0.8 3.8 5.7 1.43 
O3-Cl2 8 ND ND < MRL ND < MRL 4.2 2.0 < MRL < MRL 6.2 1.55 
Br- (50)-O3-Cl2 8 ND ND < MRL ND ND 2.2 3.2 1.2 3.0 9.6 2.41 
Br-(100)-O3-Cl2 8 ND ND ND ND ND < MRL 2.4 2.6 8.6 13.6 3.41 
 ND: Not Detected. MRL: Minimum Reporting Level.  
(Molar concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM n Oxidants  
pH nM nM nM nM nM nM nM nM nM nM − 
O3-Cl2  6 ND ND < MRL ND ND 5.0 4.2 < MRL ND 9.2 0.46 
Br- (50)-O3-Cl2 6 ND ND < MRL ND ND 3.4 6.2 < MRL < MRL 9.7 0.65 
Br-(100)-O3-Cl2 6 ND ND ND ND ND < MRL 5.2 3.1 12.9 21.1 2.37 
O3-Cl2 8 ND ND < MRL ND < MRL 25.6 9.5 < MRL < MRL 35.1 0.27 
Br- (50)-O3-Cl2 8 ND ND < MRL ND ND 13.4 15.5 4.6 10.1 43.6 1.26 
Br-(100)-O3-Cl2 8 ND ND ND ND ND < MRL 11.3 10.4 28.9 50.7 2.35 
 ND: Not Detected. MRL: Minimum Reporting Level. n: bromine incorporation factor. 
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Table C6 (Data for Figure 6.8 (B)) 
HNM formation in Charleston treated water (10/29/2007) 
(DOC=2.2 mg/L, Br=72 µg/L, Br/DOC=33 µg/mg, DON=0.17 mg/L-N, SUVA254=1.91 L/mg-m) 
(Br- (50): Br-/DOC = 50 µg/mg, Br- (100): Br-/DOC = 100 µg/mg) 
 
(Mass concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC Oxidants  
pH µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
O3-Cl2  6 ND ND < MRL ND < MRL 0.6 1.2 < MRL < MRL 1.8 0.83 
Br- (50)-O3-Cl2 6 ND ND < MRL ND ND 0.4 1.2 < MRL 2.1 3.7 1.68 
Br-(100)-O3-Cl2 6 ND ND < MRL ND ND 0.4 0.7 < MRL 5.2 6.3 2.86 
O3-Cl2  8 ND ND < MRL ND 0.9 1.9 3.1 1.2 < MRL 7.1 3.24 
Br- (50)-O3-Cl2 8 ND ND ND ND ND 0.9 3.1 2.7 7.8 14.6 6.64 
Br-(100)-O3-Cl2 8 ND ND ND ND ND 0.4 1.0 2.2 19.7 23.2 10.59 
 ND: Not Detected. MRL: Minimum Reporting Level. 
 
(Molar concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM n Oxidants  
pH nM nM nM nM nM nM nM nM nM nM − 
O3-Cl2  6 ND ND < MRL ND < MRL 3.6 6.0 < MRL < MRL 9.6 0.63 
Br- (50)-O3-Cl2 6 ND ND < MRL ND ND 2.4 5.6 < MRL 7.0 15 1.77 
Br-(100)-O3-Cl2 6 ND ND < MRL ND ND 2.4 3.6 < MRL 17.3 23.3 2.38 
O3-Cl2  8 ND ND < MRL ND 4.0 11.6 15.0 4.7 < MRL 35.3 0.92 
Br- (50)-O3-Cl2 8 ND ND ND ND ND 5.6 14.9 10.7 26.2 57.4 2.00 
Br-(100)-O3-Cl2 8 ND ND ND ND ND 2.4 4.9 8.6 66.0 81.9 2.69 




HNM formation in Charleston raw water (10/29/2007) 
(DOC=4.1 mg/L, Br=64 µg/L, Br/DOC=16 µg/mg, DON=0.17 mg/L-N, SUVA254=3.92 L/mg-m) 
(ambient NO2
- < MRL, NO2
- addition = 2 mg/L) 
 
(Molar concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM n Oxidants  
pH nM nM nM nM nM nM nM nM nM nM − 
Cl2  6 ND ND ND ND ND 2.4 2.8 ND ND 5.3 0.54 
NO2
--Cl2 6 ND ND < MRL ND ND 14.5 5.9 ND ND 20.4 0.29 
Cl2  8 ND ND < MRL ND ND 3.0 3.1 ND ND 6.1 0.5 
NO2
--Cl2 8 ND ND < MRL ND < MRL 17.2 9.0 < MRL ND 26.2 0.34 
 ND: Not Detected. MRL: Minimum Reporting Level. 
 
Table C8 
HNM formation in Charleston treated water (10/29/2007) 
(DOC=2.2 mg/L, Br=72 µg/L, Br/DOC=33 µg/mg, DON=0.17 mg/L-N, SUVA254=1.91 L/mg-m) 
(ambient NO2
- < MRL, NO2
- addition = 2 mg/L) 
 
(Molar concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM n Oxidants  
pH nM nM nM nM nM nM nM nM nM nM − 
Cl2  6 ND ND ND ND ND 2.4 3.0 ND ND 5.4 0.55 
NO2
--Cl2 6 ND ND < MRL ND ND   2.4 5.4 < MRL ND 7.8 0.69 
Cl2  8 ND ND < MRL ND < MRL 1.8 3.2 < MRL ND 5.0 0.64 
NO2
--Cl2 8 ND ND ND ND ND 3.5 6.0 2.4 4.0 15.8 1.43 





HNM formation in Charleston raw water (10/29/2007) 
(DOC=4.1 mg/L, Br=64 µg/L, Br/DOC=16 µg/mg, DON=0.17 mg/L-N, SUVA254=3.92 L/mg-m) 
(ambient NO2
- < M RL, NO2
- addition = 2 mg/L) 
 
(Molar concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM n Oxidants  
pH nM nM nM nM nM nM nM nM nM nM − 
O3-Cl2  6 ND ND < MRL ND ND 5.0 4.2 < MRL ND 9.2 0.46 
NO2
-- O3-Cl2 6 ND ND < MRL ND ND 14.5 7.1 < MRL ND 21.6 0.33 
O3-Cl2  8 ND ND < MRL ND < MRL 25.6 9.5 < MRL < MRL 35.1 0.27 
NO2
-- O3-Cl2 8 ND ND < MRL ND ND 27.9 14.2 < MRL 1.9 44.0 0.45 
 ND: Not Detected. MRL: Minimum Reporting Level. 
 
Table C10 
HNM formation in Charleston treated water (10/29/2007) 
(DOC=2.2 mg/L, Br=72 µg/L, Br/DOC=33 µg/mg, DON=0.17 mg/L-N, SUVA254=1.91 L/mg-m) 
(ambient NO2
- < MRL, NO2
- addition = 2 mg/L) 
 
(Molar concentration results) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM n Oxidants  
pH nM nM nM nM nM nM nM nM nM nM − 
O3-Cl2 6 ND ND < MRL < MRL ND 3.6 6.0 < MRL < MRL 9.5 0.63 
NO2
-- O3-Cl2 6 ND ND < MRL ND 2.7 3.0 6.3 2.8 ND 14.9 1.17 
O3-Cl2 8 ND ND < MRL ND 4.0 11.6 15.0 4.7 < MRL 35.3 0.92 
NO2
-- O3-Cl2 8 ND ND ND ND ND 3.6 8.9   7.5 26.8 46.8 2.23 
 ND: Not Detected. MRL: Minimum Reporting Level. n: bromine incorporation factor. 
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Table C11 (Data for Figure C1 (A)) 
THM formation in Charleston raw water (10/29/2007) 
(DOC=4.1 mg/L, Br=64 µg/L, Br/DOC=16 µg/mg, DON=0.17 mg/L-N, SUVA254=3.92 L/mg-m) 
(ambient NO2
- < MRL, NO2
- addition = 2 mg/L) 
 
(Mass concentration results) 





µg/L µg/L µg/L µg/L µg/L µg/mg - 
Cl2 6 67 14 2 ND 84 20 0.17 
NO2
--Cl2 6 71 17 1 <MRL 89 22 0.16 
Cl2 8 94 20 3 ND 117 29 0.17 
NO2
--Cl2 8 103 20 1 <MRL 125 30 0.14 
ND: Not Detected. MRL: Minimum Reporting Level. n: bromine incorporation factor. 
 
Table C12 (Data for Figure C1 (B)) 
THM formation in Charleston treated water (10/29/2007) 
(DOC=2.2 mg/L, Br=72 µg/L, Br/DOC=33 µg/mg, DON=0.17 mg/L-N, SUVA254=1.91 L/mg-m) 
(ambient NO2
- < MRL, NO2
- addition = 2 mg/L) 
 
(Mass concentration results) 





µg/L µg/L µg/L µg/L µg/L µg/mg - 
Cl2  6 11 9 4 <MRL 25 11 0.56 
NO2
--Cl2 6 10 8 3 <MRL 21 9 0.52 
Cl2  8 19 13 7 <MRL 39 18 0.54 
NO2
--Cl2 8 16 14 9 <MRL 39 18 0.65 
MRL: Minimum Reporting Level. n: bromine incorporation factor. 
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Table C13 (Data for Figure C2 (A)) 
THM formation in Charleston raw water (10/29/2007) 
(DOC=4.1 mg/L, Br=64 µg/L, Br/DOC=16 µg/mg, DON=0.17 mg/L-N, SUVA254=3.92 L/mg-m) 
(ambient NO2
- < MRL, NO2
- addition = 2 mg/L) 
 
(Mass concentration results) 





µg/L µg/L µg/L µg/L µg/L µg/mg - 
O3-Cl2  6 18 8 3 <MRL 29 7 0.37 
NO2
--O3-Cl2 6 16 8 3 <MRL 27 7 0.39 
O3-Cl2  8 32 9 3 <MRL 44 11 0.26 
NO2
--O3-Cl2  8 34 13 6 <MRL 52 13 0.34 
MRL: Minimum Reporting Level. n: bromine incorporation factor. 
 
Table C14 (Data for Figure C2 (B)) 
THM formation in Charleston treated water (10/29/2007) 
(DOC=2.2 mg/L, Br=72 µg/L, Br/DOC=33 µg/mg, DON=0.17 mg/L-N, SUVA254=1.91 L/mg-m) 
(ambient NO2
- < MRL, NO2
- addition = 2 mg/L) 
 
(Mass concentration results) 





µg/L µg/L µg/L µg/L µg/L µg/mg - 
O3-Cl2  6 3 5 5 <MRL 14 6 0.97 
NO2
--O3-Cl2 6 4 6 5 <MRL 15 7 0.93 
O3-Cl2  8 10 9 6 <MRL 24 11 0.65 
NO2
--O3-Cl2  8 10 9 7 <MRL 26 12 0.72 









































Ambient (nitrite < MRL)
Nitrite= 2ppm
 
Figure C1 The effect of nitrite on THM formation during chlorination in Charleston raw 











































Figure C2 The effect of nitrite on THM formation during ozonation-chlorination in 






Table D1 HNM formation of amino acids and sugars with chlorinat on (pH 6) (Data for Figure 7.2 (A)) 
(mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid ND ND < MRL ND ND 0.7 ND ND ND 0.7 2.14 
Glutamic acid ND ND ND ND ND 0.6 ND ND ND 0.6 1.68 
Lysine ND ND < MRL ND ND 0.8 ND ND ND 0.8 1.68 
Histidine ND ND ND ND ND 0.6 ND ND ND 0.57 1.31 
Glycine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Alanine ND ND < MRL ND ND 0.6 ND ND ND 0.56 1.42 
Cystein ND ND < MRL ND ND 0.6 ND ND ND 0.60 2.03 
Serine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
D(+)-glucosamine ND ND < MRL ND ND 0.7 ND ND ND 0.7 2.23 
D(+)-galactosamine ND ND < MRL ND ND 0.6 ND ND ND 0.59 1.84 
N-acetyle-glucosamine ND ND < MRL ND ND 0.7 ND ND ND 0.69 1.72 
N-acetylneuraminic acid ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND < MRL ND ND 4.4 ND ND ND 4.4 13.0 
Glutamic acid ND ND ND ND ND 3.9 ND ND ND 3.9 10.2 
Lysine ND ND < MRL ND ND 4.6 ND ND ND 4.6 10.2 
Histidine ND ND ND ND ND 3.5 ND ND ND 3.5 8.0 
Glycine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Alanine ND ND < MRL ND ND 3.4 ND ND ND 3.4 8.6 
Cystein ND ND < MRL ND ND 3.6 ND ND ND 3.6 12.3 
Serine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
D(+)-glucosamine ND ND < MRL ND ND 4.1 ND ND ND 4.1 13.0 
D(+)-galactosamine ND ND < MRL ND ND 3.6 ND ND ND 3.6 11.7 
N-acetyle-glucosamine ND ND < MRL ND ND 4.2 ND ND ND 4.2 10.5 
N-acetylneuraminic acid ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
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Table D2 HNM formation of amino acids and sugars with ozonation-chlorination (pH 6) (Data for Figure 7.2 (A)) 
(mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND < MRL ND ND 1.0 ND ND ND 0.99 2.97 
Glutamic acid ND ND < MRL ND ND 0.6 ND ND ND 0.59 1.56 
Lysine ND ND < MRL ND ND 6.7 ND ND ND 6.73 15.06 
Histidine ND ND ND ND ND 0.6 ND ND ND 0.63 1.44 
Glycine ND ND < MRL ND ND 2.9 ND ND ND 2.89 9.62 
Alanine ND ND < MRL ND ND 0.5 ND ND ND 0.54 1.36 
Cystein ND ND < MRL ND ND 0.9 ND ND ND 0.93 3.15 
Serine ND ND ND ND ND 0.6 ND ND ND 0.62 2.02 
D(+)-glucosamine ND ND < MRL ND ND 1.2 ND ND ND 1.19 3.89 
D(+)-galactosamine ND ND < MRL ND ND 1.5 ND ND ND 1.51 4.75 
N-acetyle-glucosamine ND ND < MRL ND ND 0.6 ND ND ND 0.59 1.47 
N-acetylneuraminic acid ND ND < MRL ND ND 0.6 ND ND ND 0.60 1.45 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND < MRL ND ND 6.0 ND ND ND 6.0 18.06 
Glutamic acid ND ND < MRL ND ND 3.6 ND ND ND 3.6 9.48 
Lysine ND ND < MRL ND ND 40.9 ND ND ND 40.9 91.53 
Histidine ND ND ND ND ND 3.8 ND ND ND 3.8 8.75 
Glycine ND ND < MRL ND ND 17.6 ND ND ND 17.6 58.45 
Alanine ND ND < MRL ND ND 3.3 ND ND ND 3.3 8.28 
Cystein ND ND < MRL ND ND 5.6 ND ND ND 5.6 19.14 
Serine ND ND ND ND ND 3.6 ND ND ND 3.6 11.77 
D(+)-glucosamine ND ND < MRL ND ND 7.2 ND ND ND 7.2 22.78 
D(+)-galactosamine ND ND < MRL ND ND 9.2 ND ND ND 9.2 29.99 
N-acetyle-glucosamine ND ND < MRL ND ND 3.6 ND ND ND 3.6 8.93 
N-acetylneuraminic acid ND ND < MRL ND ND 3.6 ND ND ND 3.6 8.79 
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Table D3 HNM formation of amino acids and sugars with chlorinat on (pH 8) (Data for Figure 7.2 (B)) 
(mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND < MRL ND ND 0.9 ND ND ND 0.86 2.56 
Glutamic acid ND ND < MRL ND ND 0.7 ND ND ND 0.66 1.74 
Lysine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Histidine ND ND < MRL ND ND 0.6 ND ND ND 0.57 1.30 
Glycine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Alanine ND ND < MRL ND ND 0.5 ND ND ND 0.52 1.32 
Cystein ND ND < MRL ND ND 0.7 ND ND ND 0.65 2.22 
Serine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
D(+)-glucosamine ND ND ND ND ND 1.0 ND ND ND 1.03 3.37 
D(+)-galactosamine ND ND < MRL ND ND 0.6 ND ND ND 0.59 1.85 
N-acetyle-glucosamine ND ND < MRL ND ND 0.7 ND ND ND 0.71 1.79 
N-acetylneuraminic acid ND ND < MRL ND ND 0.6 ND ND ND 0.56 1.36 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND < MRL ND ND 5.2 ND ND ND 5.2 15.58 
Glutamic acid ND ND < MRL ND ND 4.0 ND ND ND 4.0 10.60 
Lysine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Histidine ND ND < MRL ND ND 3.4 ND ND ND 3.4 7.90 
Glycine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Alanine ND ND < MRL ND ND 3.2 ND ND ND 3.2 8.02 
Cystein ND ND < MRL ND ND 4.0 ND ND ND 4.0 13.52 
Serine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
D(+)-glucosamine ND ND ND ND ND 6.3 ND ND ND 6.3 19.70 
D(+)-galactosamine ND ND < MRL ND ND 3.6 ND ND ND 3.6 11.69 
N-acetyle-glucosamine ND ND < MRL ND ND 4.3 ND ND ND 4.3 10.85 
N-acetylneuraminic acid ND ND < MRL ND ND 3.4 ND ND ND 3.4 8.29 
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Table D4 HNM formation of amino acids and sugars with ozonation-chlorination (pH 8) (Data for Figure 7.2 (B)) 
(mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND ND ND ND 1.3 ND ND ND 1.33 3.96 
Glutamic acid ND ND < MRL ND ND 1.6 ND ND ND 1.65 4.34 
Lysine ND ND < MRL ND ND 12.3 ND ND ND 12.31 27.53 
Histidine ND ND < MRL ND ND 1.3 ND ND ND 1.28 2.93 
Glycine ND ND < MRL ND ND 191.0 ND ND ND 190.99 635.18 
Alanine ND ND ND ND ND 1.3 ND ND ND 1.27 3.19 
Cystein ND ND < MRL ND ND 1.5 ND ND ND 1.50 5.10 
Serine ND ND < MRL ND ND 2.6 ND ND ND 2.56 8.39 
D(+)-glucosamine ND ND < MRL ND ND 1.4 ND ND ND 1.40 4.57 
D(+)-galactosamine ND ND < MRL ND ND 1.6 ND ND ND 1.57 4.94 
N-acetyle-glucosamine ND ND < MRL ND ND 1.1 ND ND ND 1.08 2.70 
N-acetylneuraminic acid ND ND < MRL ND ND 1.2 ND ND ND 1.24 2.99 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND ND ND ND 8.1 ND ND ND 8.1 24.08 
Glutamic acid ND ND < MRL ND ND 10.0 ND ND ND 10.0 26.41 
Lysine ND ND < MRL ND ND 74.8 ND ND ND 74.8 167.38 
Histidine ND ND < MRL ND ND 7.8 ND ND ND 7.8 17.79 
Glycine ND ND < MRL ND ND 1161.0 ND ND ND 1161.0 3861.28 
Alanine ND ND ND ND ND 7.7 ND ND ND 7.7 19.42 
Cystein ND ND < MRL ND ND 9.1 ND ND ND 9.1 30.99 
Serine ND ND < MRL ND ND 15.6 ND ND ND 15.6 51.01 
D(+)-glucosamine ND ND < MRL ND ND 8.5 ND ND ND 8.5 26.76 
D(+)-galactosamine ND ND < MRL ND ND 9.5 ND ND ND 9.5 31.22 
N-acetyle-glucosamine ND ND < MRL ND ND 6.6 ND ND ND 6.6 16.43 
N-acetylneuraminic acid ND ND < MRL ND ND 7.5 ND ND ND 7.5 18.21 
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Table D5 (Data for Figure 7.4 (A)) 
THM formation of amino acids and sugars with chlorinat on (pH 6) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  5.3  ND ND  ND 5.3 16.0 
Glutamic acid 6.8  ND ND  ND 6.8 18.0 
Lysine 2.2  ND ND  ND 2.2 4.9 
Histidine 5.2  ND ND  ND 5.2 12.0 
Glycine 2.2  ND ND  ND 2.2 7.4 
Alanine 5.7  ND ND  ND 5.7 14.4 
Cystein 4.8  ND ND  ND 4.8 16.5 
Serine 5.0  ND ND  ND 5.0 17.1 
D(+)-glucosamine 3.1  ND ND  ND 3.1 9.9 
D(+)-galactosamine 1.9  ND ND  ND 1.9 6.3 
N-acetyle-glucosamine 1.7  ND ND  ND 1.7 4.1 
N-acetylneuraminic acid 1.8  ND ND  ND 1.8 4.3 
 
Table D6 (Data for Figure 7.4 (A)) 
THM formation of amino acids and sugars with ozonation-chlorination (pH 6) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  7.0  ND ND  ND 7.0 22.2 
Glutamic acid 6.0  ND ND  ND 6.0 15.8 
Lysine 9.5  ND ND  ND 9.5 21.3 
Histidine 4.6  ND ND  ND 4.6 10.6 
Glycine 1.9  ND ND  ND 1.9 6.4 
Alanine 6.5  ND ND  ND 6.5 16.4 
Cystein 10.1  ND ND  ND 10.1 34.4 
Serine 5.5  ND ND  ND 5.5 18.8 
D(+)-glucosamine 2.6  ND ND  ND 2.6 8.1 
D(+)-galactosamine 2.8  ND ND  ND 2.8 9.2 
N-acetyle-glucosamine 1.6  ND ND  ND 1.6 4.1 
N-acetylneuraminic acid 5.2  ND ND  ND 5.2 12.5 
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Table D7 (Data for Figure 7.4 (B)) 
THM formation of amino acids and sugars with chlorinat on (pH 8) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  9.1  ND ND  ND 9.1 27.2 
Glutamic acid 6.7  ND ND  ND 6.7 17.7 
Lysine 2.4  ND ND  ND 2.4 5.4 
Histidine 8.8  ND ND  ND 8.8 20.2 
Glycine 2.9  ND ND  ND 2.9 9.6 
Alanine 6.6  ND ND  ND 6.6 16.5 
Cystein 5.7  ND ND  ND 5.7 19.2 
Serine 7.0  ND ND  ND 7.0 23.9 
D(+)-glucosamine 1.6  ND ND  ND 1.6 5.0 
D(+)-galactosamine 3.0  ND ND  ND 3.0 9.9 
N-acetyle-glucosamine 1.9  ND ND  ND 1.9 4.8 
N-acetylneuraminic acid 2.7  ND ND  ND 2.7 6.5 
 
Table D8 (Data for Figure 7.4 (B)) 
THM formation of amino acids and sugars with ozonation-chlorination (pH 8) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  7.2  ND ND  ND 7.2 21.5 
Glutamic acid 8.0  ND ND  ND 8.0 21.2 
Lysine 18.2  ND ND  ND 18.2 40.7 
Histidine 4.9  ND ND  ND 4.9 11.2 
Glycine 4.6  ND ND  ND 4.6 15.3 
Alanine 6.8  ND ND  ND 6.8 17.1 
Cystein 5.9  ND ND  ND 5.9 19.9 
Serine 6.2  ND ND  ND 6.2 21.1 
D(+)-glucosamine 3.5  ND ND  ND 3.5 11.0 
D(+)-galactosamine 3.2  ND ND  ND 3.2 10.6 
N-acetyle-glucosamine 4.0  ND ND  ND 4.0 9.9 
N-acetylneuraminic acid 5.9  ND ND  ND 5.9 14.2 
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Table D9 HNM formation of amino acids and sugars with chlorinat on (pH 6) (Br/DOC = 100 µg/mg)  
(Data for Figure 7.7)  (mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND ND ND < MRL 0.9 1.0 ND ND 1.97 5.90 
Glutamic acid ND ND < MRL ND < MRL 0.9 < MRL ND ND 0.90 2.37 
Lysine ND < MRL < MRL ND ND < MRL < MRL ND ND < MRL < MRL 
Histidine ND ND < MRL ND ND 0.6 ND ND ND 0.57 1.30 
Glycine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Alanine ND ND < MRL ND ND < MRL 0.7 ND ND 0.67 1.68 
Cystein ND ND < MRL ND ND 0.7 ND ND ND 0.67 2.28 
Serine ND ND < MRL ND < MRL < MRL 1.4 ND ND 1.37 4.48 
D(+)-glucosamine ND ND < MRL ND ND 0.6 ND ND ND 0.63 2.06 
D(+)-galactosamine ND ND < MRL ND < MRL < MRL ND ND ND < MRL < MRL 
N-acetyle-glucosamine ND < MRL < MRL ND ND 0.7 ND ND ND 0.66 1.66 
N-acetylneuraminic acid ND < MRL < MRL ND ND 0.6 < MRL ND ND 0.55 1.34 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND ND ND < MRL 5.6 5.0 ND ND 10.6 31.80 
Glutamic acid ND ND < MRL ND < MRL 5.5 < MRL ND ND 5.5 14.41 
Lysine ND < MRL < MRL ND ND < MRL < MRL ND ND < MRL < MRL 
Histidine ND ND < MRL ND ND 3.4 ND ND ND 3.4 7.92 
Glycine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Alanine ND ND < MRL ND ND < MRL 3.2 ND ND 3.2 8.05 
Cystein ND ND < MRL ND ND 4.1 ND ND ND 4.1 13.84 
Serine ND ND < MRL ND < MRL < MRL 6.6 ND ND 6.6 21.44 
D(+)-glucosamine ND ND < MRL ND ND 3.8 ND ND ND 3.8 12.08 
D(+)-galactosamine ND ND < MRL ND < MRL < MRL ND ND ND < MRL < MRL 
N-acetyle-glucosamine ND < MRL < MRL ND ND 4.0 ND ND ND 4.0 10.08 
N-acetylneuraminic acid ND < MRL < MRL ND ND 3.4 < MRL ND ND 3.4 8.12 
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Table D10 HNM formation of amino acids and sugars with chlorinat on (pH 8) (Br/DOC = 100 µg/mg) 
(Data for Figure 7.8) (mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND ND ND < MRL 0.8 1.0 ND ND 1.89 5.65 
Glutamic acid ND ND < MRL ND < MRL 0.7 1.0 ND ND 1.77 4.68 
Lysine ND < MRL ND ND ND < MRL 0.8 ND ND 0.84 1.89 
Histidine ND ND < MRL ND 0.5 0.5 ND ND ND 1.00 2.29 
Glycine ND ND < MRL ND ND < MRL 0.9 ND ND 0.87 2.90 
Alanine ND ND < MRL ND < MRL < MRL 1.4 ND ND 1.36 3.43 
Cystein ND ND < MRL ND 0.6 0.7 ND ND ND 1.31 4.46 
Serine ND ND ND ND ND < MRL 1.4 ND ND 1.41 4.60 
D(+)-glucosamine ND < MRL ND ND ND < MRL 1.0 ND ND 1.0 3.27 
D(+)-galactosamine ND ND < MRL ND ND < MRL < MRL ND ND < MRL < MRL 
N-acetyle-glucosamine ND < MRL < MRL ND ND < MRL 0.8 ND ND 0.75 1.88 
N-acetylneuraminic acid ND < MRL < MRL ND ND ND 0.7 ND ND 1.27 3.07 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND ND ND < MRL 5.1 5.0 ND ND 10.1 30.28 
Glutamic acid ND ND < MRL ND < MRL 4.5 5.0 ND ND 9.4 24.90 
Lysine ND < MRL ND ND ND < MRL 4.0 ND ND 4.0 9.01 
Histidine ND ND < MRL ND 2.2 3.1 ND ND ND 5.3 12.22 
Glycine ND ND < MRL ND ND < MRL 4.2 ND ND 4.2 13.87 
Alanine ND ND < MRL ND < MRL < MRL 6.5 ND ND 6.5 16.41 
Cystein ND ND < MRL ND 2.8 4.3 ND ND ND 7.1 24.00 
Serine ND ND ND ND ND < MRL 6.5 ND ND 6.5 21.42 
D(+)-glucosamine ND < MRL ND ND ND < MRL 4.8 ND ND 4.8 15.05 
D(+)-galactosamine ND ND < MRL ND ND < MRL < MRL ND ND < MRL < MRL 
N-acetyle-glucosamine ND < MRL < MRL ND ND < MRL 3.6 ND ND 3.6 9.02 
N-acetylneuraminic acid ND < MRL < MRL ND ND ND 3.4 ND ND 3.4 8.31 
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Table D11 HNM formation of amino acids and sugars with ozonation-chlorination (pH 6) (Br/DOC = 100 µg/mg) 
(Data for Figure 7.7) (mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND ND ND < MRL 0.9 1.5 0.7 ND 3.12 9.34 
Glutamic acid ND ND < MRL ND < MRL < MRL 1.1 ND ND 1.09 2.88 
Lysine ND < MRL ND ND ND 8.0 6.5 2.8 ND 17.33 38.77 
Histidine ND ND < MRL ND ND 0.6 0.9 ND ND 1.48 3.39 
Glycine ND ND ND ND ND 6.1 12.7 5.4 2.3 26.48 88.07 
Alanine ND ND < MRL ND < MRL 0.6 1.5 0.9 ND 3.11 7.83 
Cystein ND ND < MRL ND ND 0.9 1.1 ND ND 1.98 6.73 
Serine ND ND < MRL ND < MRL 0.7 1.8 1.1 ND 3.58 11.72 
D(+)-glucosamine ND < MRL < MRL ND < MRL 1.0 1.7 ND ND 2.67 8.75 
D(+)-galactosamine ND ND < MRL ND ND 1.1 1.6 ND ND 2.72 8.57 
N-acetyle-glucosamine ND 1.0 < MRL ND ND < MRL 0.7 ND ND 1.67 4.18 
N-acetylneuraminic acid ND < MRL < MRL ND ND < MRL 0.7 ND ND 0.70 1.69 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND ND ND < MRL 5.5 7.1 2.9 ND 15.5 46.32 
Glutamic acid ND ND < MRL ND < MRL < MRL 5.2 ND ND 5.2 13.78 
Lysine ND < MRL ND ND ND 48.7 31.1 11.1 ND 90.9 203.4  
Histidine ND ND < MRL ND ND 3.6 4.3 ND ND 7.8 17.94 
Glycine ND ND ND ND ND 37.3 60.6 21.3 7.7 126.9 421.9 
Alanine ND ND < MRL ND < MRL 3.8 7.3 3.7 ND 14.9 37.5 
Cystein ND ND < MRL ND ND 5.6 5.1 ND ND 10.7 36.27 
Serine ND ND < MRL ND < MRL 4.4 8.6 4.2 ND 17.2 56.24 
D(+)-glucosamine ND < MRL < MRL ND < MRL 5.8 8.2 ND ND 14.0 44.22 
D(+)-galactosamine ND ND < MRL ND ND 6.8 7.7 ND ND 14.4 47.31 
N-acetyle-glucosamine ND 6.9 < MRL ND ND < MRL 3.3 ND ND 10.3 25.7 
N-acetylneuraminic acid ND < MRL < MRL ND ND < MRL 3.3 ND ND 3.3 8.08 
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Table D12 HNM formation of amino acids and sugars with ozonation-chlorination (pH 8) (Br/DOC = 100 µg/mg) 
(Data for Figure 7.8) (mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND ND ND < MRL 1.2 1.7 0.8 ND 3.65 10.90 
Glutamic acid ND ND < MRL ND ND 1.2 2.3 1.0 ND 4.56 12.03 
Lysine ND ND < MRL ND ND 12.0 2.4 1.1 ND 15.56 34.81 
Histidine ND ND < MRL ND < MRL 0.6 1.5 1.0 2.3 5.45 12.50 
Glycine ND ND < MRL ND ND 171.4 33.8 10.5 4.7 220.43 733.09 
Alanine ND ND ND ND < MRL 1.6 1.8 ND ND 3.37 8.49 
Cystein ND ND < MRL ND 0.6 0.8 1.6 0.9 1.4 5.25 17.86 
Serine ND ND ND ND ND 0.7 3.3 3.4 2.8 10.33 33.78 
D(+)-glucosamine ND < MRL ND ND ND 0.8 1.6 1.8 2.3 6.49 21.25 
D(+)-galactosamine ND ND < MRL ND ND 0.6 1.7 2.0 2.5 6.77 21.32 
N-acetyle-glucosamine ND ND < MRL ND ND 1.0 0.9 < MRL ND 1.96 4.90 
N-acetylneuraminic acid ND < MRL < MRL ND ND 1.1 0.8 ND ND 1.89 4.57 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND ND ND < MRL 7.2 8.1 3.1 ND 18.32 54.75 
Glutamic acid ND ND < MRL ND ND 7.4 11.0 4.1 ND 22.50 59.37 
Lysine ND ND < MRL ND ND 73.1 11.7 4.3 ND 89.08 199.31 
Histidine ND ND < MRL ND < MRL 3.9 7.3 3.9 7.7 22.78 52.28 
Glycine ND ND < MRL ND ND 1041.7 161.6 41.6 15.9 1260.84 4193.31 
Alanine ND ND ND ND < MRL 9.4 8.7 ND ND 18.13 45.68 
Cystein ND ND < MRL ND 2.6 4.9 7.6 3.4 4.7 23.29 79.24 
Serine ND ND ND ND ND 4.5 16.0 13.5 9.5 43.47 142.20 
D(+)-glucosamine ND < MRL ND ND ND 4.6 7.7 7.3 7.6 27.24 85.84 
D(+)-galactosamine ND ND < MRL ND ND 3.4 8.3 8.0 8.2 27.87 91.26 
N-acetyle-glucosamine ND ND < MRL ND ND 6.3 4.4 < MRL ND 10.71 26.79 
N-acetylneuraminic acid ND < MRL < MRL ND ND 6.4 4.0 ND ND 10.41 25.17 
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Table D13 (Data for Figure 7.9 (A)) 
THM formation of amino acids and sugars with chlorinat on (pH 6) 
(Br/DOC = 100 µg/mg) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  6.6 1.7 0.7 ND 9.1 27.1 
Glutamic acid 6.3 2.3 0.9 ND 9.5 25.0 
Lysine 1.3 1.1 0.8 ND 3.3 7.3 
Histidine 5.1 1.5 0.8 ND 7.4 17.1 
Glycine 2.0 1.4 0.7 ND 4.1 13.7 
Alanine 3.9 1.3 0.8 ND 6.0 15.2 
Cystein 5.5 1.0 0.6 ND 7.1 24.1 
Serine 2.8 1.1 0.7 ND 4.6 15.7 
D(+)-glucosamine 3.4 1.7 0.6 ND 5.7 17.9 
D(+)-galactosamine 1.6 1.6 0.6 ND 3.9 12.8 
N-acetyle-glucosamine 2.4 1.3 0.6 ND 4.3 10.8 
N-acetylneuraminic acid 2.8 1.3 0.7 ND 4.8 11.6 
 
Table D14 (Data for Figure 7.9 (B)) 
THM formation of amino acids and sugars with chlorinat on (pH 8) 
(Br/DOC = 100 µg/mg) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg /mg 
Aspartic aid  9.4 2.7 0.8 ND 12.9 38.6 
Glutamic acid 5.9 2.5 1.3 ND 9.7 25.6 
Lysine 2.1 2.7 1.5 ND 6.3 14.0 
Histidine 8.9 3.1 1.4 ND 13.4 30.8 
Glycine 1.6 2.5 1.4 ND 5.5 18.3 
Alanine 6.5 2.6 1.7 ND 10.9 27.4 
Cystein 6.0 1.0 1.0 ND 8.0 28.4 
Serine 4.7 2.2 1.4 ND 8.3 28.1 
D(+)-glucosamine 1.6 2.4 0.9 ND 5.0 15.7 
D(+)-galactosamine 2.4 2.5 1.1 ND 6.0 19.6 
N-acetyle-glucosamine 1.1 2.1 1.4 ND 4.5 11.3 
N-acetylneuraminic acid 1.7 2.2 1.3 ND 5.2 12.5 
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Table D15 (Data for Figure 7.10 (A)) 
THM formation of amino acids and sugars with ozonation-chlorination (pH 6) 
(Br/DOC = 100 µg/mg) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  6.3 1.7 0.7 ND 8.7 26.0 
Glutamic acid 6.1 2.1 0.9 ND 9.2 24.2 
Lysine 6.3 3.2 0.8 ND 10.3 23.1 
Histidine 5.0 1.3 0.7 ND 7.0 16.1 
Glycine 1.3 1.7 0.6 ND 3.6 11.9 
Alanine 8.4 1.9 1.0 ND 11.3 28.4 
Cystein 10.3 1.5 0.7 ND 12.5 42.5 
Serine 8.0 2.1 0.8 ND 11.0 37.4 
D(+)-glucosamine 2.9 1.6 ND ND 4.5 14.2 
D(+)-galactosamine 2.9 1.8 ND ND 4.7 15.3 
N-acetyle-glucosamine 0.0 1.7 0.9 ND 2.7 6.7 
N-acetylneuraminic acid 2.4 2.3 1.0 ND 5.7 13.9 
 
Table D16 (Data for Figure 7.10 (B)) 
THM formation of amino acids and sugars with ozonation-chlorination (pH 8) 
(Br/DOC = 100 µg/mg) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM TTHM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  8.7 2.3 0.7 ND 11.8 35.3 
Glutamic acid 7.3 2.7 0.9 ND 10.9 28.8 
Lysine 19.3 1.7 0.8 ND 21.9 49.0 
Histidine 5.4 2.7 1.4 ND 9.5 21.8 
Glycine 3.7 0.7 ND ND 4.5 14.8 
Alanine 10.6 1.0 ND ND 11.6 29.2 
Cystein 5.7 1.8 0.9 ND 8.3 28.2 
Serine 7.8 3.1 1.3 ND 12.2 41.5 
D(+)-glucosamine 2.2 2.5 0.9 ND 5.6 17.7 
D(+)-galactosamine 2.4 2.3 0.9 ND 5.6 18.4 
N-acetyle-glucosamine 2.9 1.0 ND ND 3.9 9.7 
N-acetylneuraminic acid 4.1 0.9 ND ND 5.0 12.1 
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Table D17 HNM formation of amino acids and sugars with chlorinat on (pH 6) (NO2
- = 2 mg/L) (Data for Figure 7.12) 
(mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND < MRL ND ND 1.1 ND ND ND 1.08 3.24 
Glutamic acid ND ND < MRL ND ND 0.6 ND ND ND 0.63 1.67 
Lysine ND ND ND ND ND 0.7 ND ND ND 0.69 1.54 
Histidine ND ND < MRL ND ND 0.6 ND ND ND 0.56 1.27 
Glycine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Alanine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Cystein ND ND < MRL ND ND 0.5 ND ND ND 0.51 1.73 
Serine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
D(+)-glucosamine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
D(+)-galactosamine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
N-acetyle-glucosamine ND ND < MRL ND ND 0.6 ND ND ND 0.58 1.44 
N-acetylneuraminic acid ND ND < MRL ND ND 0.6 ND ND ND 0.56 1.36 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND < MRL ND ND 6.6 ND ND ND 6.6 19.67 
Glutamic acid ND ND < MRL ND ND 3.8 ND ND ND 3.8 10.13 
Lysine ND ND ND ND ND 4.2 ND ND ND 4.2 9.38 
Histidine ND ND < MRL ND ND 3.4 ND ND ND 3.4 7.74 
Glycine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Alanine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
Cystein ND ND < MRL ND ND 3.1 ND ND ND 3.1 10.51 
Serine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
D(+)-glucosamine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
D(+)-galactosamine ND ND < MRL ND ND < MRL ND ND ND < MRL < MRL 
N-acetyle-glucosamine ND ND < MRL ND ND 3.5 ND ND ND 3.5 8.78 
N-acetylneuraminic acid ND < MRL < MRL ND ND 3.4 ND ND ND 3.4 8.25 
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Table D18 HNM formation of amino acids and sugars with chlorinat on (pH 8) (NO2
- = 2 mg/L) (Data for Figure 7.13) 
(mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND < MRL ND ND 0.8 ND ND ND 0.82 2.44 
Glutamic acid ND ND < MRL ND ND 0.8 ND ND ND 0.80 2.12 
Lysine ND ND ND ND ND 0.6 ND ND ND 0.59 1.32 
Histidine ND ND < MRL ND ND 0.7 ND ND ND 0.69 1.58 
Glycine ND ND ND ND ND 0.6 ND ND ND 0.57 1.90 
Alanine ND ND ND ND ND 0.6 ND ND ND 0.64 1.62 
Cystein ND ND < MRL ND ND 0.6 ND ND ND 0.64 2.16 
Serine ND ND < MRL ND ND 0.6 ND ND ND 0.56 1.84 
D(+)-glucosamine ND ND < MRL ND ND 0.6 ND ND ND 0.63 2.06 
D(+)-galactosamine ND ND < MRL ND ND 0.7 ND ND ND 0.69 2.18 
N-acetyle-glucosamine ND ND < MRL ND ND 0.7 ND ND ND 0.68 1.71 
N-acetylneuraminic acid ND ND < MRL ND ND 0.7 ND ND ND 0.65 1.58 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND < MRL ND ND 5.0 ND ND ND 5.0 14.82 
Glutamic acid ND ND < MRL ND ND 4.9 ND ND ND 4.9 12.90 
Lysine ND ND ND ND ND 3.4 ND ND ND 3.4 7.54 
Histidine ND ND < MRL ND ND 4.2 ND ND ND 4.2 9.62 
Glycine ND ND ND ND ND 3.4 ND ND ND 3.4 11.17 
Alanine ND ND ND ND ND 3.7 ND ND ND 3.7 9.42 
Cystein ND ND < MRL ND ND 3.9 ND ND ND 3.9 13.13 
Serine ND ND < MRL ND ND 3.4 ND ND ND 3.4 11.16 
D(+)-glucosamine ND ND < MRL ND ND 3.8 ND ND ND 3.8 12.08 
D(+)-galactosamine ND ND < MRL ND ND 4.2 ND ND ND 4.2 13.76 
N-acetyle-glucosamine ND ND < MRL ND ND 4.2 ND ND ND 4.2 10.40 
N-acetylneuraminic acid ND ND < MRL ND ND 4.0 ND ND ND 4.0 9.60 
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Table D19 HNM formation of amino acids and sugars with ozonation-chlorination (pH 6) (NO2
- = 2 mg/L) 
(Data for Figure 7.12) (mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND ND ND ND 1.3 ND ND ND 1.28 3.82 
Glutamic acid ND ND < MRL ND ND 1.0 ND ND ND 0.97 2.55 
Lysine ND ND ND ND ND 9.0 ND ND ND 8.98 20.10 
Histidine ND ND < MRL ND ND 0.9 ND ND ND 0.91 2.09 
Glycine ND ND < MRL ND ND 24.2 ND ND ND 24.16 80.34 
Alanine ND ND < MRL ND ND 0.8 ND ND ND 0.82 2.07 
Cystein ND ND < MRL ND ND 1.0 ND ND ND 1.05 3.56 
Serine ND ND < MRL ND ND 1.3 ND ND ND 1.31 4.28 
D(+)-glucosamine ND ND ND ND ND 1.7 ND ND ND 1.74 5.71 
D(+)-galactosamine ND ND < MRL ND ND 2.1 ND ND ND 2.13 6.70 
N-acetyle-glucosamine ND ND < MRL ND ND 0.8 ND ND ND 0.80 2.00 
N-acetylneuraminic acid ND ND < MRL ND ND 0.6 ND ND ND 0.59 1.43 
 
 (molar concentration)  
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND ND ND ND 7.8 ND ND ND 7.8 23.23 
Glutamic acid ND ND < MRL ND ND 5.9 ND ND ND 5.9 15.48 
Lysine ND ND ND ND ND 54.6 ND ND ND 54.6 122.16 
Histidine ND ND < MRL ND ND 5.5 ND ND ND 5.5 12.68 
Glycine ND ND < MRL ND ND 146.9 ND ND ND 146.9 488.42 
Alanine ND ND < MRL ND ND 5.0 ND ND ND 5.0 12.60 
Cystein ND ND < MRL ND ND 6.4 ND ND ND 6.4 21.66 
Serine ND ND < MRL ND ND 7.9 ND ND ND 7.9 25.99 
D(+)-glucosamine ND ND ND ND ND 10.6 ND ND ND 10.6 33.42 
D(+)-galactosamine ND ND < MRL ND ND 12.9 ND ND ND 12.9 42.31 
N-acetyle-glucosamine ND ND < MRL ND ND 4.9 ND ND ND 4.9 12.17 
N-acetylneuraminic acid ND ND < MRL ND ND 3.6 ND ND ND 3.6 8.68 
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Table D20 HNM formation of amino acids and sugars with ozonation-chlorination (pH 8) (NO2
- = 2 mg/L) 
(Data for Figure 7.13) (mass concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  ND ND ND ND ND 1.8 ND ND ND 1.76 5.26 
Glutamic acid ND ND < MRL ND ND 2.2 ND ND ND 2.16 5.69 
Lysine ND ND ND ND ND 11.4 ND ND ND 11.45 25.61 
Histidine ND ND < MRL ND ND 1.5 ND ND ND 1.54 3.53 
Glycine ND ND < MRL ND ND 265.3 ND ND ND 265.33 882.42 
Alanine ND ND ND ND ND 1.6 ND ND ND 1.62 4.08 
Cystein ND ND < MRL ND ND 1.4 ND ND ND 1.40 4.76 
Serine ND ND < MRL ND ND 3.1 ND ND ND 3.11 10.16 
D(+)-glucosamine ND ND ND ND ND 1.9 ND ND ND 1.86 6.08 
D(+)-galactosamine ND ND ND ND ND 2.3 ND ND ND 2.25 7.10 
N-acetyle-glucosamine ND ND < MRL ND ND 1.4 ND ND ND 1.36 3.40 
N-acetylneuraminic acid ND ND < MRL ND ND 1.3 ND ND ND 1.32 3.19 
 
(molar concentration) 
CNM BNM DCNM BCNM DBNM TCNM BDCNM DBCNM TBNM HNM HNM/DOC  
nM nM nM nM nM nM nM nM nM nM nmol/mg 
Aspartic aid  ND ND ND ND ND 10.7 ND ND ND 10.7 32.00 
Glutamic acid ND ND < MRL ND ND 13.1 ND ND ND 13.1 34.58 
Lysine ND ND ND ND ND 69.5 ND ND ND 69.5 155.51 
Histidine ND ND < MRL ND ND 9.4 ND ND ND 9.4 21.46 
Glycine ND ND < MRL ND ND 1612.9 ND ND ND 1612.9 5364.25 
Alanine ND ND ND ND ND 9.7 ND ND ND 9.7 24.55 
Cystein ND ND < MRL ND ND 8.5 ND ND ND 8.5 28.94 
Serine ND ND < MRL ND ND 18.9 ND ND ND 18.9 61.76 
D(+)-glucosamine ND ND ND ND ND 11.3 ND ND ND 11.3 35.59 
D(+)-galactosamine ND ND ND ND ND 13.7 ND ND ND 13.7 44.86 
N-acetyle-glucosamine ND ND < MRL ND ND 8.3 ND ND ND 8.3 20.67 
N-acetylneuraminic acid ND ND < MRL ND ND 8.0 ND ND ND 8.0 19.37 
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Table D21 
THM formation of amino acids and sugars with chlorinat on (pH 6) 
(NO2
- = 2 mg/L) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  6.7 ND ND ND 6.7 19.9 
Glutamic acid 5.9 ND ND ND 5.9 15.5 
Lysine 4.6 ND ND ND 4.6 10.2 
Histidine 5.8 ND ND ND 5.8 13.4 
Glycine 0.7 ND ND ND 0.7 2.3 
Alanine 4.3 ND ND ND 4.3 10.8 
Cystein 5 ND ND ND 5 15.8 
Serine 3.7 ND ND ND 3.7 12.7 
D(+)-glucosamine 3.5 ND ND ND 3.5 10.9 
D(+)-galactosamine 2.4 ND ND ND 2.4 7.9 
N-acetyle-glucosamine 1.5 ND ND ND 1.5 3.8 
N-acetylneuraminic acid 1.3 ND ND ND 1.3 3.1 
 
Table D22 
THM formation of amino acids and sugars with chlorinat on (pH 8) 
(NO2
- = 2 mg/L) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid  9.5 ND ND ND 9.5 28.5 
Glutamic acid 6.5 ND ND ND 6.5 17.0 
Lysine 4.0 ND ND ND 4.0 9.0 
Histidine 9.6 ND ND ND 9.6 22.0 
Glycine 3.1 ND ND ND 3.1 10.3 
Alanine 8.1 ND ND ND 8.1 20.4 
Cystein 5.4 ND ND ND 5.4 18.3 
Serine 5.4 ND ND ND 5.4 18.2 
D(+)-glucosamine 2.6 ND ND ND 2.6 8.2 
D(+)-galactosamine 2.8 ND ND ND 2.8 9.3 
N-acetyle-glucosamine 3.4 ND ND ND 3.4 8.5 
N-acetylneuraminic acid 2.9 ND ND ND 2.9 7.0 
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Table D23 (Data for Figure 7.14 (A)) 
THM formation of amino acids and sugars with ozonation-chlorination (pH 6) 
(NO2
- = 2 mg/L) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid 8.1 ND ND ND 8.1 24.3 
Glutamic acid 6.8 ND ND ND 6.8 18.0 
Lysine 11.1 ND ND ND 11.1 24.9 
Histidine 5.7 ND ND ND 5.7 13.0 
Glycine 3.4 ND ND ND 3.4 11.2 
Alanine 5.9 ND ND ND 5.9 14.9 
Cystein 8.6 ND ND ND 8.6 29.2 
Serine 6.6 ND ND ND 6.6 22.4 
D(+)-glucosamine 3.5 ND ND ND 3.5 11.1 
D(+)-galactosamine 1.6 ND ND ND 1.6 5.3 
N-acetyle-glucosamine 1.4 ND ND ND 1.4 3.6 
N-acetylneuraminic acid 1.8 ND ND ND 1.8 4.4 
 
Table D24 (Data for Figure 7.14 (B)) 
THM formation of amino acids and sugars with ozonation-chlorination (pH 8) 
(NO2
- = 2 mg/L) 
CHCl3 CHCl2Br CHClBr2 CHBr3 THM THM/DOC  
µg/L µg/L µg/L µg/L µg/L µg/mg 
Aspartic aid 10.0 ND ND ND 10.0 29.9 
Glutamic acid 7.0 ND ND ND 7.0 18.5 
Lysine 21.2 ND ND ND 21.2 47.4 
Histidine 7.1 ND ND ND 7.1 16.4 
Glycine 3.8 ND ND ND 3.8 12.7 
Alanine 12.9 ND ND ND 12.9 32.4 
Cystein 8.8 ND ND ND 8.8 30.0 
Serine 11.0 ND ND ND 11.0 37.5 
D(+)-glucosamine 2.4 ND ND ND 2.4 7.4 
D(+)-galactosamine 5.7 ND ND ND 5.7 18.6 
N-acetyle-glucosamine 2.3 ND ND ND 2.3 5.8 




Addison, J.A. The formation of halonitromethanes in wastewater treatment plants 
effluents. Master of Science Thesis. Clemson Univers ty, Clemson, SC. 2008.  
 
American Water Works Association Committee Report. Disinfection at large and 
medium-size systems. Journal of American Water Works Association. 2000, 92, 32-
43.   
 
APHA, A. WEF Standard methods for the examination of water and wastewater; 
Washinton, DC, 1995. 
 
Arnold, W. A.; Pearson, C. R.; Lee, J.-y.; Hozalski, R. M. Disinfection by-product 
reactions with iron pipe corrosion products: Effects of corrosion mineralogy and iron 
content. Presented at 231st ACS National Meeting, American Chemical Society, 
Division of Environmental Chemistry, Atlanta, GA, 2006. 
 
Bellar, T. A.; Lichtenberg, J. J.; Kroner, R. C. The occurrence of organohalides in 
chlorinated drinking water. Journal American Water Works Association. 1974, 66, 
703-706. 
 
Bull, R. J. Are organic nitrogen-containing disinfection by-products potential causes for 
bladder cancer and reproductive effects? American Water Works Association 
(AWWA) Water Quality Technology Conference, 2003. 
 
Castro, C.E.; Belser N. O. Photohydrolysis of methyl bromide and chloropicrin. Journal 
of Agriculture Food and Chemistry. 1981, 29, 1005-1008. 
 
Castro, C. E.; Wade, R. S.; Belser N. O. Biodehalogenation. The metabolism of 
chloropicrin by pseudomonas sp. Journal of Agriculture Food and Chemistry. 1983, 
31, 1184-1187.  
 
Chen, P. H.; Richardson, S. D. Hydrogen abstraction and decomposition of bromopicrin 
and other trihalogenated disinfection byproducts by GC/MS. Environmental Science 
& Technology. 2002, 36, 3362-3371. 
 
Chow, A. T.; Dahlgren, R. A.; Gao, S. Physical and chemical fractionation of dissolved 
organic matter and trihalomethane precursors: A review. Journal of Water Supply: 
Research and Technology-AQUA.  2005, 54, 475-507. 
 
Choi, J.; Richardson, S.D. Formation studies of halonitromethanes in drinking water; 
American Water Works Association (AWWA) Water Quality Technology Conference, 
2004. 
 226 
Chun, C. L.; Hozalski, R. M.; Arnold, W.A. Degradation of drinking water disinfection 
byproducts by synthetic goethite and magnetite. Environmental Science & 
Technology. 2005, 39, 8525-8532. 
 
Croué, J. P.; Violleau, D.; Labouyrie, L. Disinfection by-product formation potentials of 
hydrophobic and hydrophilic natural organic matter fractions: a comparison between 
a low and a high humic water. In Natural Organic Matter and Disinfection By-
Products: Characterization and Control in Drinking Water; Eds: Barrett, S. E.; 
Krasner, S.W.; Amy, G. L.; ACS Symposium Series 761 American Chemical Society, 
Washington, DC. 2000, 139-153. 
 
Duguet, J. P.; Tsutasumi, Y.; Bruchet, A.; Mallevialle, J. Chloropicrin in potable water: 
conditions of formation and production during treatment processes. In Water 
chlorination; Ed: Jolly, R. L.; Lewis Publication: New York. 1985, 1201-1213. 
 
Froese, K. L.; Wolanski, A.; Hrudey, S. E. Factors governing odorous aldehyde 
formation as disinfection byproducts. Water Research. 1999, 33, 1355-1364. 
 
Gehring, P. J.; Nolan, R. J.; Watanabe, P.G.; Schumann, A. M. Solvent, fumigants and 
related compounds. Hand Book of Toxicology. Classes of Pesticides; Eds: Haynes, W. 
J. Jr.; Law, E. R. Jr. 1991, 2, 637-730. 
 
Glaser, J. A.; Foerst, D. L.; McKee, G. D.; Quave, S. A.; Budde, W. L. Trace analyses for 
wastewaters. Environmental Science & Technology. 1981, 15, 1426-1435. 
 
Glaze, W. H.; Weinberg, H. S. Identification and Occurrence of Ozonation By-Products 
in Drinking Water; American Water Works Association Research Foundation 
(AWWARF) and American Water Works Association (AWWA): Denver, CO. 1993. 
 
Hoigné, J.; Bader, H. Rate constants of reactions of oz ne with organic and inorganic 
compounds in water – I Non-Dissociating Organic Comp unds. Water Research. 
1983a, 17, 173-183. 
 
Hoigné, J.; Bader, H. Rate constants of reactions of oz ne with organic and inorganic 
compounds in water – II dissociating organic compounds. Water Research. 1983b, 
17, 185-194. 
 
Hoigné, J.; Bader, H. The formation of trichloronitromethane (chloropicrin) and 
chloroform in a combined ozonation chlorination trea ment of drinking-water. Water 
Research. 1988, 22, 313-319. 
 
Hong, H. C.; Wong, M. H.; Liang, Y. Amino acids as precursors of trihalomethane and 
haloacetic acid formation during chlorination. Archives of Environmental 
Contamination and Toxicology. 2009, 56, 638-645.  
 227 
Hong, Y. Exploring the pathways of dihalogenated acetic acid (DXAA) formation during 
chloramination. Ph.D. Dissertation. Clemson University, Clemson, SC. 2006. 
 
Hong, Y.; Liu, S.; Song, H.; Karanfil, T. HAA formation pathways and kinetics during 
chloramination. Journal American Water Works Association. 2007, 99, 57-69. 
 
Hong, Y.; Liu, S.; Song, H.; Hu, J.; Ates, N.; Karanfil, T. The Effects of quenching 
agents on HAA determination in chloraminated waters. Journal American Water 
Works Association. 2008, 100, 89-99. 
 
Huang, W. J.; Fang, G. C.; Wang, C. C. The determinatio  and fate of disinfection by-
products from ozonation of polluted raw water. Science of the Total Environment. 
2005, 345, 261-272. 
 
Hu, J.; Song, H.; Addison, J. W.; Karanfil, T.  Halonitromethane formation potentials in 
drinking waters. Submitted to Water Research. 2009. 
 
Hureiki, L.; Croué, J. P.; Legube, B. Chlorination studies of free and combined amino 
acids. Water Research. 1994, 28, 2521-2531. 
 
Hureiki, L.; Gauthier, C.; Prevost, M. Evolution oftotal amino acids in two drinking 
water treatment plants. Journal of Water Science. 1996, 9, 297-318. 
 
Joo, S. H.; Mitch, W. A. Nitrile, aldehyde, and halonitroalkane formation during 
chlorination/chloramination of primary amines. Environmental Science & 
Technology. 2007, 41, 1288-1296. 
 
Jørgensen, N. O. G. Free amino acids in lakes: Concentrations and assimilation rates in 
relation to phytoplankton and bacterial production. Limnology and Oceanography. 
1987, 32, 97-111. 
 
Karanfil, T.; Hong, Y.; Song, H.; Orr, O. Exploring HAA formation pathways during 
chloramination. American Water Works Association Research Foundation 
publication, Denver, CO. 2007. 
 
Karanfil, T.; Hu, J.; Addison, J. A.; Jones, D.; Song, H.; Saglam, A.,. Formation of 
Halonitromethanes and Iodotrihalomethanes in Drinking Water and Wastewater 
Effluents. American Water Works Research Foundation (AWWARF) and American 
Water Works Association (AWWA): Denver, CO. 2009 (in preparation). 
 
Kashinkunti, R.; Metz, D.; DeMarco, J.; Awad, J.; Linden, K.; Reckhow, D.; Malley, J. 
UV/chlorine: looking beyond conventional DBPs. Proceedings of the American 
Water Works Association (AWWA) Water Quality Technology Conference 
(WQTC): Denver, CO. 2006. 
 228 
Kim, H. C.; Yu, M. J. Characterization of natural organic matter in conventional water 
treatment processes for selection of treatment processes focused on DBPs control. 
Water Research. 2005, 39, 4779-4789.  
 
Kitis, M.; Karanfil, T.; Wigton, A. and Kilduff, J. E. Probing the reactivity of dissolved 
organic matter for disinfection by-product formation using XAD-8 resin adsorption 
and ultrafiltration fractionation. Water Research. 2002, 36, 3834-3848. 
 
Korshin, G. V.; Benjamin, M. M.; Sletten, R. S. Adsorption of natural organic matter 
(NOM) on iron oxide: effect on NOM composition and formation of organohalide 
compounds during chlorination. Water Research. 1997, 31, 1643-1650. 
 
Krasner, S. W.; McGuire, M. J.; Jacangelo, J. G.; Patania, N. L.; Reagan, K. M.; Aieta, E. 
M. The occurrence of disinfection byproducts in U.S. drinking water. Journal 
American Water Works Association. 1989, 81, 41-53. 
 
Krasner, S. W.; Chinn, R.; Hwang, C. J.; Barrett, S. E. Analytical methods for 
brominated organic disinfection by-products. Proceedings of the 1991 American 
Water Works Association (AWWA) Water Quality Technology Conference (WQTC); 
AWWA: Denver, CO. 1991. 
 
Krasner, S. W.; Glaze, W. H.; Weinberg, H. S.; Daniel, P. A.; Najm, I. N. Formation and 
control of bromate during ozonation of waters containing bromide. Journal of 
American Water Works Association. 1993, 85, 73-81. 
 
Krasner, S. W.; Croué, J. P.; Buffle, J. and Perdue, E. M. Three approaches for 
characterizing NOM. Journal of American Water Works Association. 1996a, 88, 66-
79. 
 
Krasner, S. W.; Pastor, S.; Chinn, R.; Sclimenti, M. J.; Weinberg, H. S.; Richardson, S. 
D. The occurrence of a new generation of DBPs (beyond the ICR). Proceedings of the 
American Water Works Association Water Quality Technology Conference, 
American Water Works Association: Denver, CO. 2001. 
 
Krasner, S. W.; Sclimenti, M. J.; Guo, Y. C.; Hwang, C. J.; Westerhoff, P. Development 
of DBP and nitrosamine formation potential tests for treated wastewater, reclaimed 
water, and drinking water.  Proceedings of the American Water Works Association 
(AWWA) Water Quality Technology Conference (WQTC): Denver, CO. 2004. 
 
Krasner, S. W.; Weinberg, H. S.; Richardson, S. D.; Pastor, S. J.; Chinn, R.; Sclimenti, 
M. J.; Onstad, G. D.; Thruston, A. D. Jr. Occurrence of a new generation of 
disinfection byproducts. Environmental Science & Technology. 2006, 40, 7175-7185. 
 
 229 
Krasner, S. W.; Sclimenti, M. J.; Mitch, W.; Westerhoff, P.; Dotson, A. Using formation 
potential tests to elucidate the reactivity of DBP precursors with chlorine versus with 
chloramines. Proceedings of the American Water Works Association (AWWA) 
Water Quality Technology Conference (WQTC): Denver, CO. 2007. 
 
Krasner, S. W.; Westerhoff, P.; Chen, B.; Amy, G.; Nam, S.; Chowdhury, Z. K.; Sinha, 
S.; Rittmann, B. E. Contribution of wastewater to DBP formation. American Water 
Works Association Research Foundation (AWWARF) and American Water Works 
Association (AWWA):  Denver, CO. 2008. 
 
Krasner, S. W.; Westerhoff, P.; Chen, B.; Rittman, B. E.; Nam, S.-N.; Amy, G. Impact of 
wastewater treatment processes on organic carbon, organic nitrogen, and DBP 
precursors in effluent organic matter. Environmental Science & Technology. 2009, 
43, in press. 
 
Kundu, B.; Richardson, S. D.; Granville, C. A.; Shaughnessy, D. T.; Hanley, N. M.; 
Swartz, P. D.; Richard, A. M.; DeMarini, D. M. Comparative mutagenicity of 
halomethanes and halonitromethanes in Salmonella TA100: structure-activity analysis 
and mutation spectra. Mutation Research-Fundamental a d Molecular Mechanisms of 
Mutagenesis. 2004, 554, 335-350. 
 
Lee, J. Y.; Hozalski, R. M.; Arnold, W.A. Effects of dissolved oxygen and iron aging on 
the reduction of trichloronitromethane, trichloracetonitrile, and trichloropropanone. 
Chemosphere. 2007, 66, 2127-2135. 
 
Lee, J. Y.; Hozalski, R. M.; Arnold, W.A. Degradation of trichloronitromethane by iron 
water main corrosion products. Water Research. 2008, 42, 2043-2050.  
 
Le Lacheur, R. M.; Glaze, W. H. Reactions of ozone a d hydroxyl radicals with serine. 
Environmental Science & Technology.1996, 30, 1072-1080. 
 
Lee, W.; Westerhoff, P. Dissolved organic nitrogen measurement using dialysis 
pretreatment. Environmental Science & Technology. 2005, 39, 879-884. 
 
Lee, W.; Westerhoff, P. Dissolved organic nitrogen r moval during water treatment by 
aluminum sulfate and cationic polymer coagulation. Water Research. 2006, 40, 3767-
3773. 
 
Lee, W.; Westerhoff, P.; Croué, J. P. Dissolved organic nitrogen as a precursor for 
chloroform, dichloroacetonitrile, N-Nitrosodimethylamine and trichloronitromethane. 
Environmental Science & Technology. 2007, 41, 5485-5490. 
 
 230 
Liang, L.; Singer, P. C. Factors influencing the formation and relative distribution of 
haloacetic acids and trihalomethanes in drinking water. Environmental Science & 
Technology. 2003, 37, 2920-2928. 
 
Lide, D. R. CRC Handbook of Chemsitry and Physics. CRC Press: Ann Arbor, MI, 2004, 
85.  
 
Lin, J.; Ellaway, M.; Adrien, R. Study of corrosion material accumulated on the inner 
wall of steel water pipe. Corrosion  Science. 2001, 43, 2065-2081. 
 
McGuire, M. J.; McLain, J. L.; Obolensky, A. Information collection rule data analysis. 
American Water Works Association Research Foundation (AWWARF) and 
American Water Works Association (AWWA): Denver, CO, 2002. 
 
Merlet, N.; Thibaud, H.; Dore, M. Chloropicrin formation during oxidative treatments in 
the preparation of drinking-water. Science of the Total Environment. 1985, 47, 223-
228. 
 
Meon, B.; Kirchman, D. L. Dynamics and molecular composition of dissolved organic 
material during experimental phytoplankton blooms. Marine Chemistry. 2001, 75, 
185-199.  
 
Miltner RJ, Shukairy HM, Summers RS. Disinfection byproduct formation and control by 
ozonation and biotreatment. Journal American Water Works Association. 1992, 84, 
53–62. 
 
Mitch, W. A.; Krasner, S. W.; Westerhoff, P.; Dotson, A. Occurrence and formation 
of nitrogenous disinfection by-products. American Water Works Research 
Foundation (AWWARF) and American Water Works Association (AWWA): Denver, 
CO, 2008 (in press). 
 
Münster, U. Amino acid profiling in natural organic matter isolated by reverse osmosis 
from eight different boreal freshwaters. Enviromental International. 1999, 25, 209-
224. 
 
Na, C.; Olson, T. M. Formation of cyanogens chloride from glycine in chlorination. 
Environmental Science & Technology. 2006, 40, 1469-1477. 
 
Na, C.; Olson, T. M. Relative reactivity of amino acids with chlorine in mixtures. 
Environmental Science & Technology. 2007, 41, 3220-3225. 
Najm, I.N.; Patania, N.L.; Jacangelo, J.G. and Krasner, S.W. Evaluating surrogates for 
disinfection by-products. Journal of American Water Works Associaiton. 1994, 86, 
98-106. 
 231 
Obolensky, A.; Singer, P. C. Halogen substitution patterns among disinfection 
byproducts in the information collection rule database. Environmental Science & 
Technology. 2005, 39, 2719-2730. 
 
Pearson, C. R.; Hozalski, R. M.; Arnold, W.A. Degradation of chloropicrin in the 
presence of zero-valent iron.  Environmental Toxicology and Chemistry. 2005, 24. 
3037-3042.  
 
Pehivanoglu, E. The fate of wastewater-derived dissolved organic nitrogen in the aquatic 
environment; University of California, Berkeley: Berk ley, CA, 2004. 
 
Peters, J. B.; De Leer, W. B.; De Galan, L. Chlorination of cyanothanoic acid in aqueous 
medium. Environmental Science & Technology. 1990, 24, 81-86. 
 
Pontius, F. W.  New horizons in federal regulation. Journal American Water Works 
Association. 1998, 90, 38-50. 
 
Plewa, M. J.; Wagner, E. D.; Jazwierska, P.; Richardson, S. D.; Chen, P. H.; McKague, 
A. B. Halonitromethane drinking water disinfection byproducts: chemical 
characterization and mammalian cell cytotoxicity and genotoxicity. Environmental 
Science & Technology. 2004, 38, 62-68. 
 
Plewa, M. J.; Wagner, E. D.; Muellner, M. G.; Hsu, K. M.; Richardson, S. D.; 
Comparative mammalian cell toxicity of nitrogen-contai ing disinfection by-products 
and carbonaceous disinfection by-product. In Disinfection By-Products in Drinking 
Water: Occurrence, Formation, Health Effects, and Control. Eds: Karanfil, T.; 
Krasner, S. W.; Westerhoff, P., Xie, Y. American Chemical Society Symposium 
series. American Chemical Society: Washington, D.C. 2008, 995, 36-50. 
 
Pryor, W. A.; Giamalva, D. H.; Church, D. F. Kinetics of ozonation. 2. amino acids and 
model compounds in water and comparisons to rates in nonpolar solvents. Journal of 
the American Chemical Society. 1984, 106, 7094-7100.   
 
Reckhow, D. A.; Singer, P. C.; Malcolm, R. L. Chlorination of humic materials: 
byproduct formation and chemical interpretations. Environmental Science & 
Technology.  1990, 24, 1655-1664. 
 
Richardson, S. D.; Thruston, A. D. Jr.; Caughran, T. V.; Chen, P. H.; Collette, T. W.; 
Floyd, T. L.; Schenk, K. M.; Lykins, B. W. Jr.; Sun, G..; Majetich, G. Identification 
of new ozone disinfection by-products in drinking water. Environmental Science & 
Technology. 1999a, 33, 3368-3377. 
 
 232 
Richardson, S. D.; Thruston Jr., A. D.; Caughran, T. V.; Chen, P.H.; Collette, T. W.; 
Floyd, T. L. Identification of new drinking water disinfection byproducts formed in 
the presence of bromide. Environmental Science & Technology. 1999b, 33, 3378-
3383.  
 
Richardson, S. D. Disinfection by-products and other emerging contaminants in drinking 
water. Trac-Trends in Analytical Chemistry. 2003, 22, 666-684. 
 
Richardson, S. D.; Plewa, M. J.; Wagner, E. D.; Schoeny, Rita; DeMarini, D. M. 
Occurrence, genotoxicity, and carcinogenicity of regulated and emerging disinfection 
by-products in drinking water: A review and roadmap for research. Mutation 
Research. 2007, 178-242.  
 
Rook, J. J. Formation of haloforms during chlorination of natural waters. Water 
Treatment and Examination. 1974, 23, 234-245.  
 
Sarin, P.; Snoeyink, V. L.; Bebee, J.; Kriven, W. M; Clement, J. A. Physico-chemical 
characteristics of corrosion scales in old iron pipes. Water Research. 2001, 35, 2961-
2969. 
 
Sarin, P.; Clement, J. A.; Snoeyink, V. L.; Kriven, W. M. Iron release from corroded, 
unlined cast-iron pipe. Journal American Water Works Association. 2003, 95, 85-96. 
 
Sarin, P.; Snoeyink, V. L.; Bebee, J.; Jim, K. K.; Beckett, M. A.; Kriven, W. M.; 
Clement, J. A. Iron release from corroded iron pipes in drinking water distribution 
systems: Effect of dissolved oxygen. Water Research. 2004, 38, 1259-1269. 
 
Scorecard. Chemical profiles; Green media toolshed: 2005. www.scorecard.org. 
 
Scully, F. E.; Kravitz, R.; Howell, G. D.; Speed, M. A.; Arber, R. P. Contribution of 
proteins to the formation of trihalomethanes on chlorination of natural water. In 
Water Chlorination: Environmental Impact and Health Effects. Eds: Jolley R. L.; 
Bull, R. J.; Davis, W. P.; Katz, S.; Roberts, M. H.; Jacobs, V. A. Ann Arbor Science, 
Ann Arbor, Mich. Publication. 1985, 5, 807-820.  
 
Scully, F. E.; Howell, G. D.; Kravltz, R.; Jewel, J. T.; Hahn, V.; Speed, M. Proteins in 
natural waters and their relation to the formation of chlorinated organics during water 
disinfection. Environmental Science & Technology. 1988, 22, 537-542. 
 
Sellner, K. G.; Nealley, E. W. Diel fluctuations indissolved free amino acids and 
monosaccharides in Chesapeake Bay dinoflagellate blooms. Marine  Chemistry. 
1997, 56, 193-200.  
 
 233 
Singer, P.C. Humic substances as precursors for potentially harmful disinfection by-
products. Water Science and Technology. 1999, 40, 25–30. 
 
Singer, P.C.; Winberg, H.S.; Brophy, K.; Liang, L.,Roberts, M.; Grisstede, I.; Krasner, S. 
and Baribeau, H., Arora, H. and Najm, I. Relative Dominance of Haloacetic Acids 
and Trihalomethanes in Treated Drinking Water.  American Water Works Association 
Research Foundation Report, Denver, CO. 2002. 
 
Song, H.; Orr, O. B.; Hong, Y.; Karanfil, T. Isolation and fractionation of natural organic 
matter: evaluation of reverse osmosis performance and impact of fractionation 
parameters. Environmental Monitoring and Assessment. 2009, 153, 307-321. 
 
Staehelin J.; Hoigné J. Decomposition of ozone in water in the presence of organic 
solutes acting as promoters and inhibitors of radical chain reactions. Environmental 
Science & Technology. 1985,19,1206–13. 
 
Stevens, A. A.; Moore, L. A.; Slocum, C. J.; Smith, B. L.; Seeger, D. R.; Ireland, J. C. 
Disinfection By-products: Current Perspectives. American Water Works Association, 
Denver, CO, 1989. 
 
Summers, R. S.; Hooper, S. M.; Shukairy, H. M.; Solarik, G.; Owen, D. Assessing the 
DBP yield: Uniform formation conditions. Journal American Water Works 
Association. 1996, 88, 80-93. 
 
Świetlik, J.; Dąbrowska, A.; Raczyk-Stanisławiak, U.; Nawrocki, J. Reactivity of natural 
organic matter fractions with chlorine dioxide and ozone. Water Research. 2004, 38, 
547-558. 
 
Symons, J. M.; Krasner, S. W.; Simms, L. A.; Sclimenti, M. Measurement of THM and 
precursor concentrations revisited – the effect of bromide ion. Journal American 
Water Works Association. 1993, 85, 51-62. 
 
Teng, H.; Venstra, J. N. A study of disinfection by-products formed using four alternative 
disinfectants as a function of precursor characteristics.  In Disinfection By-Products in 
Water Treatment: The Chemistry of Their Formation and Control. Eds: Minear R. A.; 
Amy G. L., CRC Lewis Publishication, Boca Raton, FL. 1996, 371-393 
 
Thibaud, H.; Delaat, J.; Merlet, N.; Dore, M. Chloropicrin formation in aqueous-solution 
- effect of nitrites on precursors formation during the oxidation of organic-
compounds. Water Research. 1987, 21, 813-821. 
 
 234 
Thibaud, H.;Delaat, J.; Dore, M. Effects of bromide concentration on the production of 
chloropicrin during chlorination of surface waters-formation of brominated 
trihalonitromethanes. Water Research. 1988, 22, 381-390. 
 
Thurman, E. M. Developments in biochemistry: organic geochemistry of natural waters. 
Nijhoff-Junk, Dordrecht. 1985. 
 
Trehy, M. L.; Yost, R. A.; Miles, C. J. Chlorination byproducts of amino acids in natural 
waters. Environmental Science & Technology. 1986, 20, 1117-1122. 
 
Tuovinen, O. H.; Button, K. S.; Vuorinen, A.; Carlson, L.; Mair, D. M.; Yut, L. A. 
Bacterial, chemical, and mineralogical characteristics of tubercles in distribution 
pipelines. Journal American Water Works Association. 1980, 72, 626-635. 
 
Tuovinen, O. H.; Mair, D. M.; Banovic, J. Chlorine demand and trihalomethane 
formation by tubercles from cast iron water mains. Environmental Technology Letter. 
1984, 5, 97-108. 
 
U.S. Environmental Protection Agency, National interim primary drinking water 
regulations: control of trihalomethanes in drinking water: final rules. Federal 
Register. 1979, 44, 68624–68705. 
 
U.S. Environmental Protection Agency. National primary drinking water regulations: 
disinfectants and disinfection by products. Federal Register. 1998, 63, 69389-69476. 
 
U.S. Environmental Protection Agency. National primary drinking water regulations: 
stage 2 disinfectants and disinfection by products rule. Federal Register. 2006, 71, 
387-493. 
 
Valentine, R. L.; Angerman, B.; Hackett, S.; Vikesland, P.; Slattenow, S. 
Characterization of disinfectant decay and DBP formation in the presence of water 
distribution system deposits. American Water Works Association (AWWA) Water 
Quality Technology Conference. Tampa, FL, 1999. 
 
von Gunten, U.  Ozonation of drinking water: part I. Oxidation kinetics and product 
formation. Water Research. 2003a, 37, 1443-1467. 
 
von Gunten, U. Ozonation of drinking water: part II. Disinfection and byproduct 
formation in presence of bromide, iodide or chlorine. Water Research. 2003b, 37, 
1469-1487. 
Weinberg, H. S.; Glaze, W. H.; Krasner, S. W.; Sclimenti, M. J. Formation and removal 
of aldehydes in plants that use ozonation. Journal American Water Works 
Association. 1993, 85, 72-85. 
 
 235 
Weinberg, H. S.; Krasner, S. W.; Richardson, S. D.; Thruston Jr., A. D. The occurrence 
of disinfection by products (DBPs) of health concer in drinking water: results of a 
nationwide DBP occurrence study. U.S. EPA, 2002. EPA/600/R-02/068. 
 
Westerhoff, P.; Mash, H. Dissolved organic nitrogen in drinking water supplies: a review. 
Journal of Water Supply: Research and Technology-AQUA. 2002, 51, 415-448. 
 
Wilbourn, J. D.; Partensky, C.; Rice, J. M. In Species differences in thyroid, kidney and 
urinary bladder carcinogenesis. Eds.: Capen, C. C.; Dybing, E.; Rice, J. M.; 
Wilbourn, J. D. IARC Scientific Publications: Lyon, 1999; 147. 
 
Yang, X.; Shang, C.; Westerhoff, P. Factors affecting formation of haloacetonitriles, 
haloketones, chloropicrin and cyanogen halides during chloramination. Water 
Research. 2007, 41, 1193-1200. 
 
Yang, X.; Shang, C.; Lee, W.; Westerhoff, P.; Fan, C. Correlations between organic 
matter properties and DBP formation during chloramination. Water Research. 2008, 
42, 2329-2339. 
